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Ught-controlled Etectrokinetic Assembly of Airticies Near Surfaces 

Field of the Inv«Dtion: 

The present invenUon generally relates to the field of materials science and 
analytical cbemistiy. 

nie present invention qjecifically relates to the realization of a complete, 
functionally integrated system for the implementation of biochemical analysis in a planar' 
miniaturized format on the suifece of a conductive and/or photocomluctive substrate, with 
applications in phaimaceutical and agricultural dnig discovery and in in-vitio or genomic 
diagnostics. ^ addition, the method a«l apparatus of the presert invention may 
to create material surfaces odubiiing desirable topographical relief and chemical function- 
ality . and to fiibricate sui£u»Hnounted optical elements such as lens anays. 

Badcground (^the &iv«Dtioii 
15 loos. ElectifcHdds and Fluid How: F«ld-indoc^ 

Btectiokinesis refen to a dass of phenomena eUcited by the action of an 
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electric field on the mobile ions surrounding charged objects in an electrolyte solution. 
When an object of given surface charge is immersed in a solution containing ions, a 
diffuse ion cloud forms to screen the object's surface charge. This arrangement of a layer 
of (immobile) charges associated with an immosed object and the screening cloud of 
S (mobfle) counterions in solution is r^ened to as a *'double layer" . In this region of small 
but finite thidcness, the fluid is not electroneutial. Consequeidy , electric fields acting on 
this region will set in motion ions in the diifuse layer, and these will in tum entrain the 
surrounding fluid. The resulting ftow Adds reflect the spatial distribution of ionic con^ 
in the fluid. Electroosmosis represents the simplest example of an electrokinedc 
10 phenomenon. Itarises when an electric fidd is ajvli^P^^'^^^^^^ <>f^^Pl^ 
container or electrode exhibiting fixed suifieioe charges, as in the case of a silicon oxide 
electrode (m the range of neutral pH). As counterions in the electrode double layer are 
accelerated by the electric field, they drag along solvent molecules and set up bulk fluid 
flow. Tills effect can be very substantial in iiarrow capillaries and may be used to 
IS advantage to devise fluid pumping systems. 

Electn^hofesis is a related phenommon which refers to the field-induced 
tianqxm of charged particles immmed in an electrolyte. As with electroosmosis, an 
electric field accelerates mobile ions in the dcnible layer of die particle. If, m contrast to 
the earlier case, the particle itself is mobile, it will compensate for this field-induced 
20 motion of ions (and the resulting ionic currwu) by moving in the opposite directiwi. 
Electrophoresis plays an important role in industrial coating processes and, along with 
electroosmo^, it is of particular intMBSt in connection with the developnicm of c^iUary 
electrophoresis into a mainstay of modem Uoanalytical separation technology. 

In confined geometries, such as that of a shallow oqieiiinefl^ 
25 * the form of a "sandwich* of two planar electrodes, the surfece charge distribution and 
topogn^hy of the bounding electrode sur&ces play a particulady important role in 
determining the nature and spatial structure of electroosmotic flow. Such a ""sandwich*" 
electrodiemical cdl may be formed by a pair of electrodes separated by a shallow gq). 
Typically, the bottom electrode will be formed by an oxide-capped alicon wafer, while 
30 the other electrode is formed by qnicaltyttanqiarent, conducting imiium tin oxide (TTO). 
The siUcon (Si) wafer rq^resents a thin slice of a single crystal of silicon which is doped 
to attain suitable levels of dedrical conductivity and insulated from the electrolyte solution 
by a thin layer of silicon oxide (SiOx). 

The reverable aggregation of beads into planar aggregates adjacent to an 
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electrode surface may be induced by a (DC or AC) electric field that is applied noniial, 
to the electrode surface. While the phenomenon has been previously observed in a cell 
fonned by a pair of conductive ITO electiodes (Richetti, Prost and Barois. J. Physique 
Lettr. 45, 1^1137 through ]>1143 (1984)), the contents of which are incMporated herein 
5 by lefcience, it has been only recenfly demonstrated that the underlymg attractive 
interaction between beads is mediated by electrokinetic flow (Yeh, Seal and Shraiman, 
'Assembly of Ordered Colloidal Aggregates by Eteclric Field Induced Huid Row', 
Nature 386, 57-59 (1997), the contents of which are incorporated herein by reference. 
This flow leOects the action of lateral non-umfbrmities in the spatial distribution of the 

10 current in the vicinity of the electrode. In the simplest case, such non-uniformities are 
introduced by the very preseace of a coUoidal bead near the electrtxle as a result of the 
foct that each bead interferes with the motion of ions in the electrolyte. TTius, it has been 
observed that an individual bead, when placed near the electrode surfece. generates a 
toroidal flow of fluid centered on the bead. Spatial non-uniformities in the properties of 

15 the electrode can also be introduced ddiberately by several methods to produce lateral 
fhiid flow toward regions of low impedance. Hiese methods are described in subsequent 
sections below. 

Particles embedded in the electroldnetic flow are advected regardless of 
their specific chemical or biological nature, whUe simultaneously altering the flow field. 

20 As a resuh, the electric field-induced assembly of planar aggregates and arrays applies to 
such diverse particles as: colloidal polymer lattices ("latex beads"), lipid vesicles, whole 
chromosomes, ceUs and biomolecules inchiding proteins and DNA, as wdl as metal or 
snniconductor coltoids and dustefs. 

Important for the applications to be described is the fiict that the flow- 

25 mediated attractive interaction between beads extends to distances fer exceeding the 
characteristic bead dunension. Pbnar aggregates are fonned inieqwnse to an externally 
applied electric fidd and disassemble when the fidd is removed. The strength of the 
applied fieM determines the strength of the attnuaive interaction ^ 
assembly process and thereby sdects the specific arnmgement adopted by the beads 

30 theanay. Tl»t is, as a function of incnsasing applied voltage, beads first 

aggregates in which paitides are mobile and loosdy packed, then assume a tighter 
packing, and finaUy exhibit a spatial arrangement in the fonn of a crystalline, or ordered, 
array resembling a raft of bubbles. The sequence of transitions between states of 
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incieasiDg internal ofder is ieversible» iocluding amplete disassembly of planar 
aggr^ates when the applied voltage is lemoved. In anMher anangCTent* at low initial 
concentnttion, beads form small dusters which in turn assume po^om within an ordered 
"superstnictuie". 

5 

n - Patterning of Silicon Oxide Etectrode Surfoces 

Electrode pattoning in accordance with a pred^ermined design fadlitates 
the quasi-permanent modification of the electrical impedance of the EIS (Electrolyte* 
Insulator-Semiconductor) structure of interest here. By spatially modulating the HS 
10 impedance, electrode-patterning det^mines the ionic current in the vicinity of the 
electrode. Depending on the frequ^icy of the applied electric field, beads either sedc out, 
or avoid, r^ons of hi^ ionic current Spatial patterning therefore conveys e;q)licit 
eternal control ov^ the placement and shape of bead arrays. 

While pattoning may be achieved in many ways, two procedures offer 
15 particular advantages. First, UV-mediated re-growth of a thin oxide layer on a properiy 
prepared silicon surface is a convenient methodology that avoids photolithographic resist 
patterning and etching. In the presence of oxygen, UV illumination mediates the 
conversion of exposed silicon into oxide. Spedfically, the thidmess of the oxide layer 
dqiends on the exposure time and may thus be spatiaUy modulated by pladng patterned 
20 masks into the UV illumination path. This modulaticm in thickness, with typical variations 
of sqsproximaiely 10 Aiigstroms, translates into spatial modulations in the impedance of 
the Si/SiOx intBsbcc while leaving a flat and diemically homogeneous top surface esxposcd 
to the etectrolyte sohiticm. Second, spatial modulations in tlie distribution of the 

dectiode suifiice diaige may be produced by UV-mediated i^iotochemical oixidation of 
25 a snitsible chemical spedcs that is first deposited as a monolayer film on the SiQx surface. 
This method permits fliie control over k)cal features €^ the elec^ 
over the electrddi^tic flow. 

A variation of tfiis photodiemical modulation is the creaticm of btetal 
gradimts in the EiS impedance and hence in the amcnt genmted in response to the 
30 supplied dectiic fidd. F6r example, diis is readily accomplished by cmtrolling the UV 
e}qxmire so as to introduce a i^w lateral variation in the oxide thickness or in the sor&ce 
diarge drasity. As discussed bdow, control over lateral gradi<mts s^es to induce lateral 
bead tran^rt and facilitates the implementation of such fundamental operations as 
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capturing and channeling of beads to a predetemiined destination along conduits in the 
fonnofimpedancefeatuiesembeddedintbeSi/SiOxinteifece. Photochemical patterning 
of functionalized chemical overbyeis also applies to odier types of electrode surfaces 
including ITO. 

5 

m - Ught-oontioUed Modulation of the InteifiKiial Impedance 

The spatial and temporal modulation of the HS-impedance in accordance 
with a pattern of external iltomination provides the basis to control the dectroWnetic 
forces that mediate bead aggregation. H,e light-modulated electroldnetic assembly of 
10 P>»aroolloidalarraysfiiciHtates,«noteime«ctivecontroloverthef^^^ 

ami reanangemeot of bead arrays in response to con«^ding illumination patterns and 
thereby offers a wide raiige of intemctive manipulations of colloidal beads and 
biomolecules. 

To understaml the principle of this methodology, it will be helpful to briefly 
15 'eviewpertinem photoelectric properties of semiconductors, or more spec^^ 
<rf the HS stnKaure formed by the Hectrolyte solution (B). the Insulati^^ 
and the Semiconductor (S). Hie photoelectric characteristics of this structure are closely 
idaled to those of a standard Metal-Insubtor-Semiconductor (MIS) or 
Metal-Oxid^Semiconductor (MOS) devices which are described in S.M. Sze Tte 
20 Physics of Semiconductors-. 2nd Edition. Chapt. 7 (Wiley Interscience 1981). the cimtents 
of which are incorporated herein by reference. 

The imerfece between the semiconductor and the insulating oxide layer 
deserves special attemion. Crucial to the understanding of the electrical response of the 
MOS structme to light is the concept of a space charge n«ion of sman but fmitefl^ 
25 ^l^f^nnsattheSi/SiOxinterfeceinthepresenceofabiaspotemial. in 
HS stmcture. an efrective Was. in the form of a jm^^tionpote^^ 
but very spedal conditions. Tl» ^ charge .t^ f«ms in response to the distortion 

of the semiconductor's valence ami conduction bands (-band bending-O in d^ 
^»°»«*««^ ™» condition in tomrcfto 

30 ^ the inlerfiu*. there is ideally no charge tnmsfer in the pr^ 
oxide. •"•atis.inelectrochemicallangm.ge.theEISstn.ctu.eel^ 
Instead, charges of opposite sign accumulate on either side of the insulating oxide layer 
and genoate a finite polarization. 



WOW40385 FCr/US97/08W9 

6 

In the presence of a levme bias, the valence and amductton band edges, 
of an n-doped semiconductor bend upward near the Si/SiOx intttface and electrons flow 
out of the inteifacial i^on in req)onse to the correqx>nding potential gradient. As a 
result, a majority canier depletion kiyer is formed in the vicinity of the Si/SiOx interface. 
S Light absoiption in the semiconductor provides a mechanism to create electron*hole pairs 
within this r^jom Provided that they do not instantaneously xecomhine, electnm-hole 
pairs are split by the locally acting dectric field, and a corresponding photocurrrat flows . 
It is this latter effect that affonls control over the electroldnetic assembly of beads in the 
electrolyte solution. 

IQ To understand in more detail the pertinent frequency dependeocc of the 

light-induced modulation of the EIS impedance, two aspects of the equivalent circuit 
rq>resenting the HS structure are noteworthy. First, there are close analogies between 
the dialled electrical characteristics of the electric double layer at the electrolyte-oxide 
interface, and the depl^n layer at the interface b^een the semiconductor and the 

15 insulator. As with the double layer, the depletion layer exhibits electrical characteristics 
similar to those of a oqiacitor with a voltage-dq>endent cq>acitance. As discussed, 
illummation serves to low« tiie impedance of the depletion layer. Second, given its 
cs4)acitive electrical response, the oxide layer will pass current only above a diaracteristic 
("threshold*) frequmcy. Consequwitly, provided that the ftequency of the applied voltage 

20 exceeds the threshold, ilhimination can lower the effective impedance of the entire EIS 
structure. 

This effective reduction of the EIS impedance also dq»ids on the tight 
intensity which dirtermines the rate of genmtion of dectron-hole pairs. In the absrace 
of significant recombinaticm, the majority of photogmerated electrcms flow out of the 

25 defdetion r^ion and contribute to die photocunent. The remaining hole charge 
am^Mi^tftR near the Si/SiQx interface and screens the electric fidd acting in the dq>letion 
i^ion. As a result, the rate of recombination incaeases, and the efRdracy of 
eledxcMi-hole separaticm^ and hence tfie photocurr^t, decreases. For given values of 
fiequency and amplitude of tte qsplied vohage, one therefore txpectB that as the 

30 iUumination intensity increases, the current initially increases to a 

decreases. Similariy, the impedance initiaUy decreases to a rmnimum vahie (at maximum 

current) and then decreases. 

This intensity dependence may be used to advantage to induce the lateral 
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di^lacement of beads between fiiUy exposed and paitiaUy masked regions of the inteifece.. 
As the iUamination intensity is increased, the fiiUy exposed regions will conespond to the 
regions of interfkce of lowest impedance, and hence of highest cuirent, and beads will be 
drawn into these regions. As the fiiUy exposed regions reach the state of decreasing 
5 pholDcunent. the effective EI5 impedance in those vpgions may exceed that of partially 
masked regions, with a resulting inveision of the latendgiadient in cunent. Beads will 
then be drawn out of the fiiUy exposed regions. Additionally, time-vaiying changes in the 
illumination pattern may be used to dfect bead motion. 

10 IV - Integration of Biochemical Analysis in a Miniaturized, Planar Fonnat 

Ihe implementation of assays in a planar array fonnat, particulariy in the 
context of biomolecular screening and medical diagnostics, has the advantage of a high 
dpgree of paralleHty and automation so as to realize high riiroughput in complex, 
multi-step analytical protocols. Miniaturization win result in a decrease in pertinent 

15 mixing times reflecting the small spatial scale, as well as in a reduction of requisite 
sample and reagent vohimes as well as power requirements. Hie integration of 
biochemical analytical techniques into a miniaturized system on the sui^ of a planar 
substrate (-chip") would yield substantial improvements in the petfoimance, and reduction 
in cost, of analytical and diagnostic procedures. 

20 Within the context of DNA manipulation and analysis, initial steps have 

been taken in this direction (ue., miniaturization) by combining on a glass substrate, the 
restriction enzyme treatment of DNA and the subsequent sqnration of eiKgpme digests by 
c^illaiy electrophoresis, see, lor example, Bamsey, PCT Publication No. WO 96/04547, 
the contents of which are incoiporated herein by reference, or the amplification of DNA 

25 sequences by application of the polymerase chain reaction (PGR) with subsequem 
etectrophoretic separatiott, see, for example, U.S. Patent Nos. 5.498.392 and 5.587,128 

to Wilding et al., the contents (rf which are incoiporaied haein by reference. 

While these standard laboxatoiy processes have been demonstrated in a 

miniaturized foimat. they have not been used to foim a compkte system. Acomplete 
30 «ya«M win require additioiial manipulation such as fn^ 

and fimctional assays ami the detection of smatt signals followed by infonnation 
processing. ""'ctwechaUenge is that of complete fonctional integration because his here 
that system architecmre and design constraints on individual components wffl manifest 
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themselves. For example^ a fluidic piocess is lequiied to concatenate analytical stq>s that . 
lequiie the ^nlial sq)aiation, and subsequent tianqx>it to new locations, of sets of 
analyte. Several possibilities have been considered including electioosmotic punq>ing and 
transit of dfoplets by tempmtnxe-induoed gradients in local surface tension. While 
S feasible in demonstration e^riments, these techniques place rather severe requirements 
cm the ovmll systmis lay-out to temdle the veiy considoable DC voltages required for 
efficirat electroosmotic mbung or to restrict substrate heating when generating thermally 
gen^ated surface tension gradients so as to avoid adverse effects on protein and other 
samples. 

10 

Summary of the Invention 

The present invention combines three separate functional eionmts to 
provide a method and appmtus Militating the real-time, interactive spatial manipulation 
of colloidal particles (''beads**) and molecules at an interface between a light sensitive 

IS electrode and an electrolyte solution. The three iimctional elements are: the electric 
field-induced assembly of planar particle arrays at an inter£stce b^een an insulating or 
a conductive electrode and an electrolyte solution; the spatidl modulation of the interfadal 
impedance by means of UV-mediated oxide regrowth or surface- chemical patterning; and» 
finally, the real-time, interactive control over the state of the intofacial impedance by 

20 light. The capabilities of the presmt invention originate in the fact that the spatial 
distribution of ionic currents, and thus the fluid flow mediating the array assmbly, may 
be adjusted by extonal intervention. Of particular interest is the introduction of spatial 
non^uniformities in the properties of the pertinent EIS structure. As described herdn, 
such inhomoganeities, dther permanent or temporary in nature, may be produced by 

25 taking advantage of the phy^cal and chemical properties of the EIS structure. 

The inventicm relates to die realization of a complete, functfonally integrated 
system for the implranentationof biochraiical analysb in aplanar, miniaturized foimat on 
the surface of a silicoo wafer m nnilar substrate. In additkm^ the method and q)paratus 
of the present invention n»y be used to create mateiial suifsces nhibiting dearable 

30 t(^gnq>hical relief and chemical fimcticmality, and to fabricate surftce^oonted optical 
clients such as lens anays. 

The combination of three functional elements endows the present invention 
with a set of (^rational capabilities to manipulate beads and bead arrays in a planar 
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geometry to allow the implemratation of biochemical analytical techniques. Thesei 
fundam»tal operations a|yply to aggregates and arrays of particles such as: coUddal 
polymer lattices, vesicles, whole duomosomes, cells and biomolecules including proteins 
and DNA, as well as metal or semiconductor colloids and clusters. 
5 Sets of colloidal particles may be csQ>tuied, and arrays may be formed in 

designated areas on the electrode surfiace (Figs, la, lb and Rgs. 2a-d). Particles, and the 
arrays th^ form in response to the applied fidd, may be channded along conduits of any 
configuration that are dther embedded in the Si/SiQx interface by UV-oxide patterning 
or delineated by an external pattern of ilhimuiation. This channeling (Figs. Ic, Id. le, 

10 Figs. 3c, 3d), in a direction normal to that of the jqjplied electric fidd, relies on lateral 
gradirats in the impedance of the HS structure and hence in the fidd-induced current. 
As discussed herein, such gradients may be introduced by appropriate patterns of illumina- 
tion, and this provides the means to implemait a gated version of translocation (Fig. le). 
Hie electrokinetic flow mediating the array assembly process may also be exploited for 

15 the alignment of elongated particles, such as DNA, near the surface of the electrode. In 
addition, the present invention permits the realizatim methods to sort and separate 
particles. 

Arrays of colloidal particles may be placed in designated areas and confined 
there until rdeased or disassembled. The overall shape of the array may be delineated 

20 by UV-oxide patterning or, in real time, by shaping the pattern of illumination. This 
capability ^lables the definition of functionally distinct compartments, pennanmt or 
temporary, on the electrode sur&ce. Arrays may be subjected to changes of shape 
imposed in real time, and they may be meiged with other arrays (Fig. 1 1) or split into two 
or more subanays or dusters (Fig. Ig, Figs. 4a, 4b). In addition, the local state of order 

25 of the array as wdl as the lateral particle density may be reverably adjusted by way of 
the external dectric field or modified by addidon of a second, chemically in^ bead 
component. 

Ike present invention also allows for the combination of fundamratal 
operations to devdqp increasing comitet products and processes. Examples given 
30 hexdn describe Ifae inqjiementaticm of analytical procedures essMtbl to a wide ran^ of 
problems in materials science, pharmaceutical drug discovery, genomic mapping and 
sequencing technology. Impoitam to the integration of these and odierfunctionaMes in 
a planar geometry is die capability, provided by the present invention, to impose tempo- 
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laiy or pennanent ccmipaitmeiilali^ in onto* to spatiaUy isolate conctment piocesse; 
or sequratial stq>s in a pzotocol and the abiUty to 

permitting the concatenatim of analytical proceduies that are p^onned in differait 
designated areas on the substrate surfaces. 

5 

Brief I>escription d Drawings 

Other objects, features and advantages of the invention discussed in the 
above brief explanation will be more clearly understood when taken toother with the 
following detailed description of an embodiment which will be underwood as being 
10 ilhistrative only, and the accompanying drawings reflecting aspects of that embodiment, 
in which: 

Figs, la-h are illustrations of the fundamental operations for bead 

manipulation; 

Figs. 2a and 2b are photographs illustrating the process of capturing 
IS particles in designated areas on the substrate surface; 

. Figs. 2c and 2d are photographs illustrating the process of excluding 
particles fnnn designated areas on the substrate surface; 

Figs. 3a and 3b are iUu^rations of the mide profde of an Si/SiOx 

electrode; 

20 Figs. 3c and 3d are photographs of the channeling of particles along 

conduits; 

Kgs. 4a and 4b are friiotograidis of the q^litting of an existing aggregate 
into small clustm; 

Rg. S is a photograph of tiie lensing action of individual colloidal t>eads; 
25 Hgs. 6a-c are side view illustrations of a layout-preserving transfer process 

from a microtiter plate to a planar cdl; 

Fig. 7 is a photognq>h of the inchi^on of spacer particles within bead 

dusters; 

Hg» 8 is an iBustratimi of binding assay variaticms; 
30 Kgs. 9sL ami 9b are iUustrations of two medianisms of particle sorting; 

Fig. 10 is an ilhistraticm of a planar array of bead-anchored probe-target 
complexes; and 

Fig. 11 is an iUustration of DNA stretching in accordance with the pres^ 
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Detailed Description of the Pireferred Embodiments 

The three functional elements of the present invention may be combined so 
5 w to provide a set of fundamental operations for the inteiactivespa^ 

colloidal paitides and mdecates. assembled into planar aggn^ adjacent to an 
electrode suifiice. In die fidlowing desciqMion. fundamental operations in this "toolset" 
are described in order of increasing complexity. Specifically, it is useful to adopt a 
dassificaiion scheme based on the total mimber of inputs and outputs, or "teminals". 
10 imrolved in a given operation. For example, the meiging of two separate arrays, or set^ 
of particles, into one would be a -three-teminal- operation, involving two inputs and one 
output. Tbe converse direeHemunal operation, involving one input and two ouiputs, is 
the splitting of a given array into two subanays. 

Experimental conditions yielding the phenomena depicted in die various 
15 photographs included herein are as follows. An electrochemical cell is formed by a pair 
of planar nx) etectiodes. composed of an ITO layer deposited on a glass substrate, or by 
a Si/SiOx dectrode on die bottom and an riX) electrode on die top. sepM^ 
gap of 50 microns or less. Given its dependence on die photoelectric prqp«ties of die 
Si/SiQx interface, light control is predicated on die use of a Si/SiQx electrode. Leads. 

20 Mthefonnofplatinumwires,areattachedtodiem)andtodiesiliconelectrode.w^^ 
is first etched to remove die insulating oxide in the cortact region, by means of sflver 

epoxy. TT^e ceU is first assembled and dien fdled, rdyuig on capillary action, wi^ 
suspension of colloidal beads. 1 or 2 microns m diameter, at a typical concentration 
0.1 « solids in 0.1mM azide sohrtion. coiresponding to approximately 2x10^8 partides 

25 per milMter. The number is dK««n so as to yidd between % and lfuUmow>h^^ 
particles on d» dectrode surface. Anionic (e.g., carboxylated polystyrene, silica). 
catiomc(e.g..aminaledpolystyreoe)ortiominally neutral (e.g.,polys^ 
used to demonstrate die basic phenomena underlying die diree functional dements of die 
piesentimrention. Tl^e silfcoo dectrode was fiUaicated fhm. a 1 indnsquare port^^ 

30 a Si (100) wafer. Qiiricdly 200-250 microBsdddc,n^ to typicd^ 

i«istivity,andcappedwidiadifaio«deoftypicalty30^ Adndc 
oxide layer of ty^ 6000-8000 Angstrom dddmess, grown under standard conditions 
in a furnace at 950 degrees C. may be etdied by standard photoKdiognphy to drf^ 
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Structures of interest. Alternatively, a thin oxide layer may be regrown on a previously 
stripped surface of (100)-orieDlation under UV illumination. Given its ease of 
implemratation and execution, UV-mediated oxicte regrowth is the preferable technique: 
it provides the means to pattern the surface by placing a quartz mask r^resenting the 

S desired pattern in the path of UV iUumination and it leaves a chemically homogeneous, 
topogr^riiically flat top surfeure. To avoid noii-q>ecific particle adsorption to the electrode 
surface, stringent conditions of cleanliness should be followed, such as those set forth in 
the General Bxperim^ital Conditions below. 

The fundamental one^terminal c^ration is a ''capture-and-hold'* operation 

10 (Fig. la) which forms an array of particles in a designated area of arbitrary outline on the 
surface that is delineated by UV-mediated oxide patterning or by a correqxmding pattern 
of illuminaticm projected on an otherwise uniform Si/SiOx substrate surface. Figs. 2a and 
2b illustrate bead capture cm a surface characterized by a very thin oxide region 22 
(an>roximately 20-30 Ar^gstroms in thickness) and cone^ndingly low impecfamce, while 

IS the r^aining surface is covered with the original, thick oxide with correspondingly high 
impedance. In Fig. 2a, diere is no ai^lied field, and brace, no bead c^ture. In contrast, 
in Fig. 2b, an electric field is applied (lOVp-p source, 1 kHz) and bead csq>ture occurs 
within the thin oxide r^on 22. Under these conditions, an array starts to grow within 
less than a second and continues u> grow over the next SQ)proximately 10 seconds as beads 

20 arrive from increasingly larger distances to add to the outward growing perimeter of 
region 22« Growth stops when the array approaches the outer limit of the delineated 
target area, i.e., the area defined by the thin oxide having a low impedance. The internal 
state of order of die captured aggregate of beads is determined by the strength of the 
qxplied voltage, higher vahies favoring increasingly dens^ packing of beads and the 

25 eventual formation of ordered arrays disi^ying a heicagonally crystallme ctmfiguratkm in 
die form of a bubUe raft The array remains in place as long as the applied voltage is 
present Rnnoval of the an>lied voltage results in the disassembly of the array. 

The ^capture-and-hold" opmtion may also be implemented under 
iUuminatiott with visible or infrared lights for example by simply projecting a mask 

30 pattnned with the dedred layout onto die Si/SiOx electrode. A regular lOOW quartz 
microscope iUuminatcMr has been used for this purpose on a Zeiss UEM microscope, with 
speitures or masks insoted in the intermediate image plane to provide the required shape 
in the plane of the electrode (whm focused properly under conditions of Koehler 
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mumination). Alteraathrely, an IR laser diode with ou^Mrt of 3 mW at 650 - 680m 
has been used. The use of external illumination other than oxide patie^^ 
spatial confinement of particles aUows the confinement pattern to be easOy modified. 

Related to "capture-and-hold" is the one-terminal operadon of "exchide- 
and-hold- (Fig. lb) which deais particles fiom a designated aiea on the surface. 
Increasing the frequency of the applied voltage to approximately lOOkHz leads to an 
inveision in the prefere«» of particles which assemble in the dmnoxide portion of the 
surface (e.g. . n^on 22, Kg. 2b) and instead fonn structures decorating the outside of the 
target aiea perimeter. Rather than relying on this effect, the exchision of particles fiom 
the desired areas is also accomplished, in analogy to the original -capture-and-hold" 
operations, by simply embedding the conesponding structure in the Si/SiOx interfece by 
UV- mediated oxide legrowth. Intheexampleof Figs. 2c and 2d, this is achieved, under 
conditions otherwise idertical to those described above, with respect to Figs. 2a and 2b. 
by applying 20V (pp) at lOkHz. While the oxide thickness in the non designated areas 
24 is approximately 30 Angstnmjs. the value in the designated square areas 26 is 
approximately 40 Angstnmis, implying a correspondingly higher impedance at the applied 
frequency. 

The "capture-and-hold- operation enables the tpatial oompartmentalization 
of the substrate surface into functionally distinct regions. For example, particles of 
distinct chemical type, introduced into the electn)chemical cell at diiferent times or 
injected in differem locations, can bekqH in spatially isolated locations by utilizing this 
cpeiation. 

The fiindamental two-tominal opoation is translocation (Fig. Ic), or the 

controlled tran^ of a set of particles fhm, location O to location F on the snri^^ 

here. O and F are target areas to which the above^lescribed one-tennimd operatic 

beappUed. The oowlimeosional, lateral bead transport used in translocation i^ 

by imposii« a laiaal cuirent along a conduit comiecting areas O m^ 

3a and 3b or by p«^ectii« a conesponding linear pato i„ this 

cliannding opeatkm, beads move in the direction of tower Impedance in tb^ 

the aimw shown in Figs. 3a and 3b, in accordance with fl« underiying electrok^ 
flow. 

Oxide pattening may be utilized in two ways to create a lateral correm 
alongtheSi/SiQximeifece. tl* simplest method is dq)icted in Fig. 3c ami shows a large 
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Open holding axea 32 fed by three nanow conduits 34 defined by etching a thermal oxide.. 
Beads move to the holding area 32 along the nanow conduits 34 to form a bead array. 
Fig. 3d is a laige scale view of the array of Fig. 3c. The principle invoked in creating 
tranq[X)it is that of changing the aspect ratio (narrow conduit connected to wide holding 
S area) of the embedded pattern with constant values of thin oxide thickness inside and tUdc 
oxide outside, as illustrated in Fig. 3a. In Kgs. 3c and 3d» the applied voltage was lOV 
(pp) at IQkHz. An alternative approach for creating bead transpoxt, enabled by 
UV-mediated oxide regrowth, is to vary the oxide thickness along the conduit in a 
controlled fashion. This is readily accomplished by UV exposure through a graduated 
10 filter. Differences in the oxide thickness between O and F of as little as S-10 Angstroms 
suffice to effect lateral tranqx>n. In this situation, the aspect ratio of the conduit and 
holding areas need not be altered. This is illustrated in Fig. 3b. 

The use of external illumination to defme conduits, by varying the 
illumination intensity along the conduit to create the requisite impedance gradient, has the 
IS advantage that the conduit is only a tonporary structure, and that the direction of motion 
may be modified or reversed if so desired. The present invention provides for 
mechanisms of light-mediated active linear transport of planar aggregates of beads under 
interactive control. This is achieved by adjusting an external pattern of illumination in 
real time, either by moving the pattern across the substrate surface in such a way as to 
20 entrain the illuminated bead array or by electronically modulating the shape of the pattern 
to induce motion of paitides. 

Two modes of light-mediated, active tranq>ort are: 
i) IMrea Translocation ^tractor beam**) which is a method of 
translocating arrays and of ddineating their overall shape by adjusting parameters so as 
25 to favor particle assembly widiin illwtwinntflrf areas of the sur&ce, as described herein. 
Arrays sinq)ly follow the imposed pattern. Therateof motion is limited by the mobility 
of particles in tiie fluid and thus depends on particle dianMer and fluid viscosity. 

fi) Transverse Array Constriction is a bead tran^rt mechanism related 
to peristaltic pumfmig of fluids throu^ flexible tubing. The light-control component of 
30 d)e present inventkm may be used for a simple implementation of this very genual 
concq)t. A multi-component planar aggregate of beads is confined to a rectangular 
dumnel, by UV-patteming if so dedred, or simply by light. Beads are free to move along 
the channel by diflusion (m dtber directk^n). An iUumination pattern matching the 
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transverse channel dimrasian is set up and is th» varied in time so as to produce a, 
transverse constriction wave that travels in one direction Blong the channel. Such a 
constriction wave may be set iq> in several ways. A concqptually simple method is to 
project a constricting mask onto the sample and move the projected mask pattern in the 
S desired faishion. This method also may be inplemrated dectronicaUy by controlling t^^ 
illumination pattern of a suitable array of light sources, thus obviating the need for moving 
parts in the optical tiain. 

The control of lateral bead transport by changing or moving patterns of 
illumination has the advantage that it may be applied whenever and wherever (on a given 
10 substrate surface) required, without the need to impose gradients in impedance by 
piedefmed UV patterning. On the other hand, a predefined impedance pattern can provide 
additional capabilities in conjunction with light-control. For example, it may be desirable 
to transport beads against a substrate-raibedded impedance gradi«it to sqxuate beads on 
the basis of mobility. 

15 Conduits connecting O and F need not be straight: as with tracks directing 

the motion of trains, conduits may he shaped in any desirable fashion (Fig. Id). A gated 
veraon of transkxation (Fig. le) permits the transport of particles from O to F only after 
the conduit is opened (or formed in real time) by a gating signal. This op^ation utilizes 
UV oxkle patterning to establish two hoMing areas, O and F, and also light control to 

20 tmporarily establish a conduit connecting O and F. An altranative implementation is 
based on an oxide embedded impedance gradient. A zone alcmg the conduit is illuminated 
with sufficiently high intensity to keep out particles, thereby blocking the passage. 
R»Aoval (or reduction in iniendty) of the iUuniination opens Inthe former 

case, light enables the transport of beads, whfle in the latter case, light prevMts the 

25 transport of beads. 

The fundamental thre&4mninal operattons are tiie merging and splitting of 
sets or arrays of beads 9^ If and Ig). The mogmg of two arrays (Fig. If) involves 
the previous two ftmdamentaiopeiatbns of ''capture-and-^ applied to two spatially 
isolated sets of beads in k)cations Ol and 02, and their respective channeling atong 

30 merging conduits iato a common target area, and dieir eventual diannding, subsequent 
tomixing, or a chemical reaction, into the final destinatbn, a third holdin This 
is accomplished, under the conditions stated above, by invoking one-tenninal and gated 
two-terminal operations. 
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The qplhting of an amy into two subaiiays (Kg. Ig) is a spedal case of. 
a genoally more coniplex soiling operation. Sorting involves tlie clasufication of beads 
in a giv«i set or anay into one of two subsets, for ocample according to their fluores- 
cence intensity. In the simpler special case, a given amy, hdd in area O, is to be spUt 
5 into two subamys along a demarcation line, and subamys are to be moved to target areas 
Fl and F2. Undw the conditions stated above, this is accomplished by applying the 
"capture-and-hold" operation to the amy in O. Conduits connect O to Fl and F2. High 
intensity illumination along a narrowly focused line serves to divide the amy in a defined 
fashion, again raying on gated translocation to control transpoit alcmg conduits away ftom 

10 the holding area O. An even simpler version, termed indiscriminate splitting, randomly 
assigns particles into Fl and F2 by gated translocation of the amy in O into Fl and F2 
after conduits are opened as described above. 

Figs. 4a and 4b diow a variant in which beads in r^ion O (Fig. 4a) are 
spUt into multiple regions Fl, F2, ... Fn (Fig. 4b). Tliis reversible splitting of an 

15 aggregate or amy into n subamys, or dusters, is accomplished, for caiboxylated 
polysQfTBne q>heres of 2 micron diameta^ at a concoitiation corresponding to an electrode 
coverage of a small fraction of a mmiolayer, at a fitequency of SQOOz, by raising the 
applied voltage ftom typically 5V(pp) to 20V (pp). This fragmentation of an amy into 
smaUer dusten reflects the effect of a field-induced paitictepdarizatim lliespUtting 

20 is usdiil to distribute particles in an amy over a wider area <tf substrate for presmtation 
to pos^le analytes in sohttimi, and for subsequent scanning of die individual chistera with 
analytical instruments to make individual readings. 

The tluree fiuutiooal dements of tibe present invention described h«^ may 
be also combined to yidd additional fundamental opoations to contrd the orientation of 

25 anisotropic objects embedded in the dedroosmotic fbw created by the i^lfed dectric 
fidd at ihc dectvode suifiice. The directkMi of die flow, in the plane of the substrate, is 
controlled by gradients in the hapedaoce that are tHaaped in fhe manner described in 
connectimi witfi tiie diannding operation. This is used to controllably align amsotropic 
objects as iUustnied in Fig. Ih, and may be apphed to stretch out and align biomolecules, 

30 suchasDNA. 

An additional fun^mental operation that complements the fnevious set is 
that of peraianently anchoring an amy to the substrate. This is best accomplidied by 
invoking anchoring chemistries analo^His to those idying on heterobifiinctional 
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cross-linking agents invoiced to andior proteins via amide bond fonnation. Molecular 
recognition, for example between biotinytated particles and suiface-ancbored stiqMavidin. 
provides another class of coupling chemistiies for permanent anclioring. 

Genial B9q)enmental Ccmditions 

Hie functional eleroents, namely the electric-field induced assembly of 
planar particle arrays, the spatial modulation of the intetfitcial impedance by means of 
UV-medialed oxide or sui&ce<dieaiical patterning and finally, the control over the state 
of the inta£u»al impedance by light wWch are used in the present invention, have been 
demomttrated in experimental studies. ITiese studies employed n^oped silicon wafers 
(resistivities in the range of 0.01 Ohm cm), capped with either thermally grown oxide 
layers of several thousand Angstrom thickness, or with thin oxide layers, regrown afier 
removal of the original -native" oxide in HF. under UV illumination fiom a deuterium 
source in the presence of oxygen to typical thicknesses between 10 and 50 Angstroms. 
Lithographic patterning of thennally grown oxide employed standard procedures 

implemented on a bench t(q> (radier than a ckan room) to produce features in the range 
of several micnms. 

Surfeces were carrfiilly cleaned in adherence with industry standaid RCA 
and Piranha cleaning protocols. Substrates were stored in waterproduced by a MUlipore 
cleaning system prior to use. Suifeces were characterized by measuring the contact angle 
exhibited by a 20 microliter droplet of water placed on the sui«u» and viewed (from the 
side) through a telescope. Hie contact angte is defined as the angle subtended by the 
surfiice and the tangent to the diqto contour (in side view) at the pom^ 
thesuriace. sample, a perfixtly hemiqAerical droplet shape ww^^ 
a contact angle of 90 degrees. Sur^ chemical derivatization with 
mereaptDi,iqqrMrimethoxysilane (2% in dry toluene) produced surfeces giving ty,«cal 
contact angles of 70 degrees. Oxidation of the tenninal thiol functionality under UV 
inadiation to tliepresenoe of oxygen reduced the contact angle to zero m 
of exposure to UVfnm the deuterium souree. Other silane reagents were used in a 
siniilarmanncr toproduce hjidreiAobic suif^ 
of 110 decrees. 

Simple -sandwich" dectrochemical cells were constructed by employing 
kapton flbn as a spacer between Si/SiOx and conductive indium tin oxide (ITO), deposited 
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on a thin glass substrate. Contacts to platinum leads made with sUverepoxy<Ure^ 
to the top of the ITO dectrode and to the (oxide-stripped) baclmde of the Si dectrode. 
In this two-electiode amfiguration, AC fields weie produced by a function gmerator, with 
applied voltages ranging up to 20V and frequencies vaiying from DC to 1 MHz, high 
S frequencies favoring the formation of particle chains connecting the electrodes. Curmts 
were monitored with a pot^tiostat and displayed on an oscilloscope. For convenirace, 
epi-fluorescence as wdl as reflection differratial int^erraice contrast microscopy 
employed laser illumination. Light*induced modulations in EIS impedance were also 
produced with a simple lOOW microscope illuminator as well as with a 3mW laser diode 
10 emitting light at 650-680 nm. 

Colloidal beads, both anionic and cationic as well as nominally noitral, with 
a diameter in the range from sevefal hundred Angstroms to 20 microns, stored in a NaNj 
solution, were employed. 

Close attention was paid to colloidal stability to avoid. non-q)eciric 
15 interactions between parlides and between paiticies and the electrode surf^ Bacterial 
contamination of colloidal suspensions was scrupulously avoided. 

Typical opmting conditions producing, unless otherwise indicated, most 
of the results described hmin, were: 0.2 mM NaN^ (sodium aade) soluticms, containing 
particles at a concentration so as to produce not more than a comply monolayer of 
20 paiticles whm deposited cm the electrode; iqsplied DC potentials in the range of MV, and 
AC potentisds m the range of 1-lOV (peak-to-peak) and 500Hz - lOkHz, with an dectrode 
gap of 50 micians; anionic (carboxylated polystyrme) beads of 2 micron diameter, as well 
as (nominally neutral) polystyrene beads of 2-20 micron diametv. 

The method and apparatus of the present invention may be used in several 
25 different areas, exanqples of which are discussed in d^. Each example includes 
background mformatira foUowed by the aqpplicatton of the present invention to that 
particular an>lication. 

Example I - Fabrication of Surfaces md Coatings widi Designed Propoties 
30 The piesentinvemiim may be used to fatnicate planar surfaces and coati^ 

with designed pn^)enies. Specifically, the functional elements of the present inv^on 
enable the fOTmation of arrays composed of iwuticles of a wide range of sizes 
(approximately 100 Angstrom to 10 microns) and chemical composition or surface 
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fiinctfonality in response to AC or DC isksctric fields. These anays may be placed and 
< fcM" eated in designated areas of the substrate, and the intopaitide spacing and internal 
state of Older widiin the anay may be contioUed by adjusting the q>plied field prior to 
anchoring the anay to the substrate. Hie newly formed surfaces display pre-designed 
5 mechanical, ofrtical and chemical characteristics, and they may be subjected to further 
modiflcaiion by subsequoit treatment such as chemical cn»s-linking. 

The mechanical and/car chemical modification of surfeces and coatings 
principally determines the interaction between materials in a wide range of applications 
that depend on low adhesion (e.g., the fiunlliar "non-stick" surfaces important in 
10 housewares) or low friction (e.g., to reduce wear in computer hard disks), hydiophobicity 
(the tendency to repd water. e.g.. of certain fabrics), catalytic activity or specific 
chemical functionality to cither suppress molecular interactions with surfaces or to 
promote them. Hie latter area is of particular importance to the development of reliable 
and durable biosensors and bk)electiionic devices. Finally, a large number of s^lications 
depend on surfaces of defined topography and/or chemical functionality to act as templates 
controlling the growth moiphology of deposited materials or as "command suifswes" 
directing the alignment of optically active molecules in deposited thin organic films, as 
in liquid crystal display i^lications. 

Extensive research has been devoted to the fonnation of surfaces by 
adsoiption of thin organic films of known composition fiom the liquid or gas phase by 
several mediods. Notwithstanding their seeming simpUdty and wide-spiead use, these 
metfiods can be difiicuU to handle in producing reliaUe and rq>iodudble results. In 
addition, mokcubr films are not wdl suited to produce surfaces displaying a regular 

25 An alternative approach to tiie problem is the modification of conductive 

8uifiK» by dectn?)hoMticdq»08itioB<rf suspended particu Hiis is a widely used 
technique in industrial settings to produce paint coatings of metal parts, and to deposit 
phosphor for display screens. The active dqwsition process signiflcantiy enhances tiie 
kinetics of fbfmation 0n contrast to passive adsoiption of oiganic fihns from solution) , 
an important considentioii in practical applications. Hectrophoretic deposition requires 

high IX: electric fields and produces layera in which particles are pennanenfly adsorbed 
to tite sulfide. While particles in sosfeposhed monolayers are usually randomly 
distributed, tiie fonnation of polycrystalline monolayers of smaU (150 Angstrom) gold 
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coUmds on cait)onHX)atedcoi9)w grids h However, tte use of caibon-<x>ate(} 

copper grids as substrates is not ctesirable in most supplications. 

Prior art methods have been described for the formation of ordered planar 
arrays of particles under certain conditions. For example, the formation of ordered 
5 coUoidal arrays in respcmse to AC dectric fields on conductive indium tin oxide QTO) 
electrodes is known. However, the resulting layers were composed of small patches of 
ordered arrays, randomly distributed over the surface of the otherwise bare ITO substrate. 
Arrays of monodiqperse collddal beads and globular proteins also have been previously 
fabricated by using convective flow and csq>illary forces. However, this latter process has 
10 the disadvantage of leaving dqx>sited particle arrays immobilized and exposed to air, 
making it difficult to modify arrays by subsequent liquid phase chmistry. 

The presmt inv^on provides a method of forming planar arrays with 
precise control over the mechanical, optical and chemical properties of the newly created 
layer. This method has several distinct advantages over the prior art. These result from 
15 the combination of AC electric field-induced array formation on insulating electnxles 
(Si/SiOx) that are patterned by UV-mediated oxide r^rowth. The process of the present 
invention enables the formaticm of ordered planar arrays firom the liquid phase (in which 
particles are originally suqiended) in designated positions, and in accordance with a given 
overall outline. This elimiratft^ the above-stated disadvantages of the prior art, i.e., dry 
20 state, irregular or no topography^ random placement within an aggregate, immobilization 
of particles and uncontrolled, random placement of ordered patches on the substrate. 

An advantage of the pres^ invmtion is that arrays are maintained by the 
sailed electric field in a liquM environment The process leaves the array in a state that 
may be leacfily <fisassembled, subjected to further chemical modification such as 
25 cross-linking, or made permanent by chemical anchoring to the substrate. Furthermore, 
die liquid environmenl is fovoiable to ensure the proper functioning oi many protdns and 
protdnsupramolecularassraiUies of which arrays may be composed. It also facilitates 
the subsequent liquid-phase dqpositicm of additional bsy&s of molecules (by chemical 
bindmg to beads or protdns in the dqK>sited layer) , the cycling of arrays between states 
^ of difTeient dendty and internal ord^ ^uding complete disassonbly of the array) in 
response to electric fields and the chemical cross-linking of particles into 
two-dimensionally connected layers, or gels, formed, for examfde, of chemically 
functionalized silica spb^es. The present invention can be practiced on insulating 
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electrodes such as oxideKapped sUiooa, to minimize Faiadaic processes that might 
advefsely affect chemical reactions involved in the gdation process or in anchoring the 

anay to the substrate. Hic use of Si/SiOx electrodes also enables the control of anay 
placement by extranal illumination. 

nie fonnation of coUoidal anays composed of small paitides in accordance 
with the present invention provides a route to the fabrication of suifeces with relief 
structure on the scale of the partide diameter. Aside from Oieir optical properties, such 
-micnnrough- surfiices are of interest as substrates for the dqwsition of DNA in such a 

way as to alleviate steric constiaims and thus to feciUtate enzyme access. 

Particles to which the invemion appUes inchide silica spheres, polymer 
colloids, lipid vesicles (and related assemblies) containing membnme proteins such as 
bacteriorhodopsin (bR)- a light-driven proton pump that can be extracted in the fonn of 
membranepatchesamldisksorvesicles. Structured and fonctionalized surfaces composed 
of photoactive pigmems are of interest in the context of providing elements of planar 
opticaldeWcesforthedevelopmentofimK>vativediq,layandmemory^^^^ Other 
areas of potential impact of topographicaUy stnictured and chemicaUy fimctionalized 
surfaces are the fabrication of template suifeces for the coritroUed micleation of deposited 
layer growth and command surfaces for liquid crystal aligmnem. The present invention 
also enables the fabrication of randomly heterogeneous composite siirfi^ Forexample. 
the formation of anays composed of a mixture of hydrophobic and hydrophilic beads of 
the same size creates a surface whose wetting and lubrication characteristics may be 
comrolledbythecompositionofthedq^sitedmixedbeadanay. In this way, the location 
of the individual beads is random, but the rdative proportion of each type of bead within 
the anay is controllable. 

Example H - Assembly of Lens Anays and Optical I>iffkaction Elements 

THe present invention can be used to fabricate lens anays and other 
surfecennounted optical elements such as diflh«:tio !!« fimctional elements 

of the presem im«to enaWe the placement and delink 

fiudlilatingintegiatioo witherist^ technology, and on Si/SiOx. fadKtating 

integration with existing silicon^»sed device technology. 

Silica or other oxide particles . polymer latex beads or other objects of high 
refractive index suspemled in an aqueous sotation. win refract lig^^ Ordered planar 
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anays of beads also diffiract visible liglit, g^nting a chaiactmstic diffraction pattern of. 
sbaip spots. This effect forms the ba^s of holQgrq)hic techniques in optical information 
processing sqppfications. 

5 A. - The present invention provides for the use of arrays of refractive 

colloidal beads as light collection dements in {rianar array formats in conjunction with low 
light level d^ection and CCD imaging. CCD and related area detection schones will 
benefit from the oihanced light collection effidoicy in solid-phase fluorescence or 
luminescence binding assays. 
10 This assay format relies on the detection of a fluorescence signal indicating 

the binding of probes to bead-aiK:hored targets in the vidnity of the d^ector. To 
maximize through-put, it is desirable to monitor simultaneously as many binding events 
as possible. It is here that array formation by the methods of the present invention is 
paiticulaily valuable because it facilitates the placement and tight paddng of beads in the 
IS target area monitored by the CCD d^ector, while simultaneously providing for the 
additional benefit of tensing action and the resulting increase in light collection efficiency. 

Increased ooUectton efficiency has been draionstrated in experimrats 
employing individual, large (10 micron diameter) polystyrme beads as lensing elemrats 
to image small (1 micron diameter) fluorescent polystyr^ beads. Under the 
20 experimental concfitions set forth above an applied voltage of 5V (pp) at 300 Hz induced 
the coDection of small partides und^ individual large beads within a second. This is 
shown in Fig. 5, when small beads alone, e.g., 52, appear dim, whmas small beads, 
e.g., 54, gatlmed under a huge bead 56 appear brighter and magnified. The small beads 
redisperse whra the voltage is turned off. 
25 B. - The use of colloidal bead arrays as diffraction gratmgs and thus 

as holographic dramnts is known. Difbactton gratings have the ptopaty of diffracting 
light over a narrow lan^ of wavdengths so that, for given angle of inddence and 
wavelength of the niiifninating light, the array wfll pass only a specific wavdength (or a 
narrow band of wavetenglhs centeted on the nominal value) that is detmuned by the 
30 inter-particle ^ladng. Widely disaissed plications of cfifitactira gratings range £pom 
simple wavelength filt^g to the more demanding realization of q>atial filters and related 
hologrsQ)hic elemoits that are essential in optical information processing. 

The present invention provides for a rapid and wdl controlled process of 
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fonning planar ainiys in a state of oystalline order which will function as. 
surface-mounted optical difficaction elements. In addition, the resulting suiftces may be 
designed to di^lay topogiaphical reUef to enhance wave-length selective reflectivity. 
These arrays may be Ibnned in designated areas on a substrate surface. In contrast to the 
5 slow and cumbersome prior ait mediod of fidnicatmg such anays by way of forming 
equilibrium crystals in aqueous sohitions of low salt content, the present mvention 
provides a novel iqjpvoacfa to rapidly and reliably fiihricate particle arrays at a soHd-liquid 
intecfoce. This approach idles on field-induced fonnation of arrays to trigger the proccM 
and on UV-roediated palt«ning or light control to position and sh^ the anays. In 

10 addition, the tatei-paiticle distance, and internal state of Older, and hence the diffi^ 
characteristics of tiie amy. may be fine-tuned by adjusting die applied electric field. For 
example, a field-induced, reversible order-disorder transition in the array win alter tiie 
diffiaction pattern firom one composed of shaip s^jots to one composed of a diliuse ring. 
The assembly of such arrays on the surfece of siHcon wafers, as described herein, 

providesadireametiKxiofintegrationintoexistingmiciDelectronicdesigns. Airaysmay 
be locked in place by chemical coupling to tiie substiate surface, or by relymg on van der 
Waals attraction between beads and substrate. 



IS 



Example m - A Novel Mechanism for die Realization of a Paitide-Based Display 
20 Ihe present invention provides tiie elements to implement lateral paitide 

motion as a novel approach to tiie realization of a paitide^iased dispby. The dements 
of die present mvention provide for tiie control of tiie hteral motion of small partides in 
tiie presence of a pre-foimed lens array composed of hige, refiactive particles. 

ColkMdalpaiticubtes have been previously employed in flat-panel dispky 
25 tedmology. The qierating principle of tiiesededgns is based on dectK^ 

(rfpigmentsinacoloredflnidcoafinedbeiweentwopianarelectrodes. IntfieOFF(daric) 
state, pigments are suqieoded in tiie fluid, and tiie color of die fluid defines tiie 
appearance of tiie display In that Slate. To attain tiie ON (bright) state, particles are 
assembled near tiiclro«(tnm,»rert)dectrode under die action <rf an dectricfie^^ In 
30 »Wsb«er state, InddertBght is reflected Ivttiebycr of partides assm^ 

dectrode. and tiie disiflayappean bright. Pioiotype displays employing small reflective 
paitides in accoidance witii tills design are known. However, tiiese diq^bys suffered 
from a number of serious problems induding: dectrodiemical degradation and lade of 
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colloidal stability as a lesuk of piolooged exposure to the high DC electric fidds required, 
to achieve accqnable switching speeds; and non-unifonnities introduced by particle 
migration in refuse to field gradirats inherent in the design of the addressing schraie. 

The presmt invration provides a, novel mechanism for the design of a 

S paiticle-based display which tates advantage of electric field-induced array formation as 
well as controlled, field-induced html particle displacemmts. First, a lens anay 
composed of colloidal beads is formed. This lens array also s^es as a spacer array to 
maintain a well-defined g^ b^een the bc^tom electrode and the top electrode that may 
now be placed over the (pre-formed) array. This facilitates fabrication of uniform fiat 

10 panel displays with a narrow gap that is d^ennined by the particle diameter. 

Next, small colloidal particles are added to die electrolyte soluticm in the 
gap. These may be fluorescent, or may be r^iecting incident white light. Under the 
action of an AC dectric field of ai^n^riate frequency, these small particles can be moved 
laterally to assemble preferentially widun the footprint of a larger bead. When viewed 

IS through a larger bead, small fluorescent beads assembled under a large bead zppear bright 
as a result of the increased light collection efficiency provided by the lensing action of the 
huge bead; this is the ON state (Fig* S). When moved outside the footprint of the larger 
bead, particles appear dun, and may be made entirely invisible by appropriate masking; 
this is the OFF state*. The requisite lateral particle motion may be induced by a change 

20 in the ^lied voltage or a change in light intensity. Each large or len^ngl)ead introduces 
a lateral nonumformity in the current distribution within the electrolyte because the current 
is perturbed by the presence of each lensing bead. 

In contrast to the i»ior art dii^lays, the present invention employs AC, not 
DC fidds, and insulating (rather than conductive) electrodes, thttd)y minimizing 

25 electrochmical d^nulation. The lateral non-uniformity introduced by the lens array is 
desirable because ft introduces lateral gradients in die current distribution within the 
di^lay cell. These gradients mediate the lateral motion of small beads over short 
characteristic (fistances set by the diamet^ of the large lensing beads, to effect a switching 
bm^een ON and OFF states. Thus, die presem invention readily accomrnodates existing 

30 tedmology for active matrix addressing. 

Example IV - Layout-Preserving Transfer of Bead Susprasions from Microliter Plate to 
Planar Cell 
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Hie present inventioii provides a method to ttanrfer soqieasions of beads, 
or biomolecules to the electrode suifece in such a way as to piesefve 
in the original anangement of leseivoiis, most commonly the conventional 8x12 
aiiangement of weUs in a microtiter plate. Such a fluid tiansfer scheme is of sfgniTicant 
practical impoitance given that compound Ubiaries are commonly handled and shipped in 
8x12 wells. 

The present invention utilizes chemical patterning to define individual 

compartments for each of MxN sets of beads and confine them accoidingly. In the 
present mstance, patterning is achieved by UV-mediated photochemical oxidation of a 
ihonolayer of thiol-teiminated alkylsilane that is chemisoibed to the Si/SiOx substrate. 
Partial oxidation of thiol moities produces sulfonate moities and reodeis the exposed 
suifecechaigedandhydrophiUc. Ihehydrophilicportionsof thesuifece, inthefoimof 
a grid of squares or ciides, wiU s»ve as holding areas. 

In accordance with the present invention, the flist function of 
surface^hemical patteniing into hydrophilic sections sunounded by hydrophobic portions 
is to ensure that droplets, di^sed from different wells, will not fiise once they are in 
contact with the substrate. ConsequenUy, respective bead suspensions will remain 
spatially isolated and preserve the lay-out of the original MxN well plate. Tlie second 
role of the surface chemical pattoning of the present Invention is to impose a sutlace 
charge distribution, in the form of Ae MxN grid patt»n. which ensures that individual 

bead anays WiU remain confined to their respective holding areas even as the liquid phase 
becomes contiguous. 

TT» tiansfer procedure lBvoh«8 the stqMilhistnrted in Figs. 6a^;. First, 
as shown in sideview in Fig. (fa^ the MxN phte of welb 62 is registered with the pa^ 
64 on the planar substrate mrbct. Well bottoms 62, are piereed to allow for the 
fiwmation of pendam drops of suspension or, preferably, t^ 
fixture (not shown) providii^ MxN effective fomiels to match d« ^ 
oftheMxNpbteonAetopandreducethesizeofthedispensingend. Such a dispensing 
fixture win also ensure the precise control of droplet vohimes. adjusted so as to sUghOy 
overfillthetargetholdlngareaonthepattefnedsiibstiatesuiface. IHe set of MxN drops 
is th«i dqwsited by bringing them in contact with the hydrophihc holdmg areas of the 
pre-pattemed substrate and relying on capillaiy action. 

Next, the plate is retracted, and the top electrode is carefully lowered to 
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fonn the electfodiemical cell, first nuddng contact as shown in Fig. Go, wHh individual. 
Uquid-fiUed holding aieas on the subulate to which suspensions aieconf^ OveifiUing 
msuies that contact is made with individual suspensions. The dectiic field is now turned 
on to induce anay fonnation in the MxN holding areas and to msure the preservation of 

5 the oveiall oonfiguratioh of the MxN of beads whUe the gsp is closed fintiier (or 
filled with additional bufier) to eventually fuse individual droplets of suspension into a 
contiguous liquid phase as shown in Fig. 6c. In the fully assembled cell of Fig. 6c, while 
the dioplets are fused together, the beads from each droplet are maintained in and isolated 
in their req)ective positions, rrflecting the original MxN arrangement of wells. The 

10 preset invmtion thus provides for the operations required in this implementation of a 
layout*pieserving transfer procedure to load planar electrochemical cells. 

Example V - Preparation of Heterogeneous Panels of Particles 

The present invention provides a method to produce a heterogeneous panel 

IS of beads and potentially of biomolecules for presentation to analytes in an adjacent liquid. 
A h^iogeneous panel contains particles or biomolecules which differ in the nature of the 
chemical or biochemical binding sites they offer to analytes in solution. In the event of 
binding, the analyte is identified by the coordinates of the bead, or cluster of beads, 
scoring positive. The present method relies on the functional elonents of the invoition 

20 to assmible a planar anay of a multi-componmt mixture of beads which carry chemical 
labels in the form of tag molecules and may be so identified subsequrat to performing the 
assay. 

Diagnostic assays are frequently implemrated in a planar format of a 
heterogeneous panel, composed of wnple ligands, pnitrins and other biomolecuhr targets. 

25 For example, in a <fiagnostic test kit, a heterograeous pand fSadlitates the rqnd testing of 
a given analyte, aikled in sohilion, against an entires^ of targets. Het^o^neous panels 
of prMeins are of great coirent interest in omnection widi tfie em^gmg field of proteome 
research. The elective of tins leseaich is to ideotiiy, by scanning the panel widi 
srasitive analytical tedunques such as mass spectrometry, each protdn in a 

30 multi-component mbcture extracted fitom a cell and separated by two-dimensioral gel 
electrophoresis. Ideally, die location of each spot uniquely corre^nds to one particular 
protdn. This analysis would permit, for example, the direct monitoring of gwie 
expression levels in acell during a particular point in its cycle or at a given stage during 
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embiyratc devdopmeiit. 

Hie £dmcatioii of an airay of heterogeneous taigets is cmtial to lecendy 
prqxued strategies of drag screening and DNA mutation analysts in a planar fonnat. The 
placement of ligands in a spedGc configuiation on the surface of a planar substrate serves 
5 to maintain a key to the idodity of any one in a large set of tai^^ presented simulta- 
neously to an analyte in solution for binding or hybridization. In an assay relying on 
fhKnescace, binding to a specific taiget will create bright spots on the substrate whose 
qntial oooidinalBs directly indicate the identity of die target. 

"ItaBe principal strategies have been previously employed to fabricate 

10 heterogeneous panels. Krst, proton panels may be created by two-dimensional gel 
dectrophoresis, rdying on a DC electric fidd to separate proteins first by diarge and tfien 
by size (or molecular wdght). Even after many years of refinemmt, this technique yields 
resuhs of poor rqunodudbUity which arc genoally attritnited to the poody ddlned 
pnqpeities of the gd matrix. 

^5 Second, individual drq>l^, drawn from a srt of reservoirs containing 

solutions of die different targ^, may be dig)ensed eiUier by hand or by employing one 
of several methods of automated dispensing (or "printing" ; see e.g. , Schaia et al. , Sciaice 
270, 467-470 (1995), die contents of which are incorporated herein by reference). 
Printing has been applied to aeate pands of oligonudeotides intemted for screening assays 

20 based on hybridization. Printing leaves a dried sample and may thus not be suitable for 
protdns diat would doiature undM such conditions. In addition, die attendant fluid 
handling problems inherem in maintaming, and drawing samples fiom a large number of 
reservoirs are formidable. 

Third, target ligands may be created by invoking a variant of solid phase 

25 symhesis based on a combinatorial strategy of photocfaemicaUy activated dongation 
reactions. This approach has been limited by very fiwmidable technical problems in die 
chemical syndiesis of even die simplest, linear oligomers. Hie syndiesis of non-linear 
compounds in dus planar geometry is extremely difflcttlt. 

The i»esent invention of fimning hoerogeneous pands requires die 

30 chemical attachment of target ligands to beads. Ugands may be coiqiled to beads 
"off-Kne" by a variety of wdl established coupling reactions. For present purposes, die 
bead identity must be chemicaUy encoded so it may be detennined as needed. Several 
mediods of encoding, or binary encoding, of beads are available. For example, short 
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oligonucleotides may save the puipose of identifying a bead via their sequence which may 
be det^mined by microscale sequndng techniques. Altmiatively, chmiically inert 
molecular tags may be employed that are leadDy idoitified by standard analytical 
techniques. 

S In omtrast to all prior ait methods, the present invention provides a novel 

method to cieate heten^geneoos panels by in-situ, reversible formation of a planar amy 
of ''encoded'' beads in solution adjacent to an dectrode. The array may be random with 
respect to diemical identity but is ordered with respect to Thisprocedure 
offers several advantages. First, it is reversible so that the panel may be disassembled 

10 following die binding assay to discard beads scoring negative. Positive beads may be 
subjected to additional analysis without the need for intermediate steps of sample retrieval, 
purification or transfer between contains. Second, the panel is formed when needed, 
that is, either prior to performing the actual binding assay, or subsequent to performing 
the assay on the surfoce of individual beads in suspension. The latter mode minimizes 

IS potential adverse effects that can arise when probes bind to planar taig^ sur£iu:es with a 
high concentration of tai^^ sites. Third, to accommodate scanning probe analysis of 
individual beads, interparticle distances within the array may be adjusted by field-induced 
polarization or by the additicm of inert spacer particles that ^er in size from the oicoded 
beads. Fig. 7 shows the use of small spacer beads 72 for sq[)arating encoded beads 74. 

20 As shown, the spacing of beads 74 is greats than the spacing of comparable beads in Fig. 
4b. Finally, UV- me diated oxide regrowth, as provided by the present invention, readily 
facilitates the CTibedding of a grid pattern of sdected dimrasion into the substrate to 
ensure the fbrmation of small, layouti)res»rving subanays in the low-impedance fields of 
the grid. 

25 To create the pand, a multi-component mixture of beads carrying, for 

example, compounds produced by bead-based comMnalorial chemistry, is placed betwem 
dectrodes* EadiQfpecrf^ bead may be present in multiple copies* Arrays are formed in 
refuse to an Mteinal field in a designated area of diedectn)desur^ This novel 
i4)proach ci in-sita assembly ci pauls rdies on beads tiiat cany a unique chemical labeU 

30 or code, to permit thdr identificaticm subsequent to the completion of a binding assay. 
This invention &dlhates <m-line tagging of beads by way of a {diotodiraiical bead- 
coloring method. Sdected beads in an array are individually illuminated by a focused 
light source to trigg^ a c(ric»ring reaction on the bead sui£aoe or in die bead interior to 
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indicate a posiave assay sooie. Beads so maiked can be subsequemly sej»«ted 
unniaiked beads by a Bgirt-activated sorting method dcK^^ Nomcious UV- 

activated leactions are available to implemeot this bead-coloring method. 

Hie present invention provides for several methods of discaiding beads with 
5 wgative scores. typicaUy die vast majority, while retainh« those with 
This mediod take advantage of die feet that, in oontiast to aU prior art meth^ 
rqircsents a tempomy configiintion of partides that is maintained by the applied electric 
field and may be reananged or disassembled at will. TOs capabiBty, along with die fact 
that biomolecules are never eiqiosed to air (as in the prior art method of printing) 

10 facilitates the in-situ concatenation of analytical pn^ 

panel in conjuhcticm widi subsequent, "downstream" analysis. 

RBt, if positive beads are clustered in a subsection of the anay. the 
ligfat-contfoUedanay splitting operation of thepresem invention may be invoked to dilsea 
the array so as to discard negative portions of the amy (or recycle them for subsequent 

15 use). Second, if positive and negative beads are randomly interspersed, a 
fluorescence-activated sorting method, implemented on the basis of the present invention 
in a planar fonnat, as described herein, may be invoked. In the case of fluorescence- 
activated sorting, positive and negative beads may be identffied as bright ami daric objects, 
respectively. In the special case fliat only a few positive beads stand out, these may bi 

20 >«noved from the anay by locking omoti»mwiUi(q«icaltweez««, a tool to trap a^^^ 
manipulate individual refractive particles rnider iUmnimition, and disassembling the amy 
by removing the field, or subjecting die entire ainiy to lateral displacemert by the 
Amdammtal opoations of die present Invention. 

Thet3i«caltaskinscreenfagalargesetofcompomidsisoneoflo<*ingfor 
25 a very small nmnber of positive events in a vast number of tests. The set of discarded 
beadswifltypicaUyim^ti^i^ijorityateachstageintiie^^^ Ihe procedure of tiie 
presem im«otion tiKrefore minimizes tf» eflort im«sted in msgativ^ 
challenging in^nm symfaesis of target ligands irrespective of whedier or not tiiey wiU 
prove to be of interest by binding a probe offered in solution. 

The method of fommig a heterogeneous panel according to die present 
invemioncontaiMbeadsofe«*t3fpeinge«enllynuKtomassembty^ The aeation of a 
heteiogeneous pand witi, each position in the pa^ 

same type, tiat is, beads oi^ginating m die same reservoir (Fig. 6a) . may be desirable so 
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as to ensuie a sufficiently laige numt>er of positive events to &cilitate detection. A 
piacticai solution follows from the application of the layout-preserving fluidic tiansfer 
scheme described herein. In this pioceduie, beads ftom an MxN well plate are 
transferred layout-preservingly onto a chemicaUy patterned substrate in such a way as to 
S preserve the ^Kitial aicoding of bead identities. 

Example VI - Binding and Functional Assays in Planar Bead Array Format 

The pres^ invention can be used to implement mixed-phase binding assays 
as wdl as certain functional assays in a planar array format. Several combinations are 
10 possible reflecting the presence of probe or tai^get in solution, on the surface of colloidal 
beads* or on the dectrode surface. The m^hods of the present inventicm facilitate the 
formation of a planar array to present targets to probes in solution prior to performing the 
binding assay ("preformed** array; Fig. 8). Alternatively, a planar array of beads may be 
formed in front of a detector »irface subsequent to performing the binding assay in 
IS susprasion ("postformed** array ;'Fig. 8). The present invention also provides the methods 
to impl^nent iiincticmal assays by enabling the assembly of certain cell types adjacent to 
a planar d^ectorw sensor surfifice to monitor the effects of ^cposure of tte cells to small 
molecule drugs in solution* 

Binding assays^ particularly those involving proteins such as enzymes and 
20 antibodies* iq>resent a principal tool of medical diagnostics. They are based on the 
specific biochemical intenu:tion betwe» a pnA)e, such as a smaU mo 
such as a protein. Assays facilitate the ra4>id detection of small quantities of an analyte 
in solution with high molecular qpedficity. Many procedures have bera designed to 
produce »gnals to indicate binding, rither yidding a qualitative answer (binding or no 
2S binding) or quantitative results in the form of binding or association constants. For 
example, when an en2yine Mnds an analyte* the resulting catalytic reaction may be used 
to generate a sinqile oc^r change to indicate binding* or it may be coupled to othra- 
processes to produce chemical or electrical signals from which biiufing constants are 
determined. Monodonal antibodies* raised from a single common precursor, may be 
30 prepartd to recc^mze virtually any given target, and immunoassays, based on 
antibody-antigen recognition and Inndiiig* have developed into an important diagnostic 
tool. As with enryme binding, antibody binding of an antigouc analyte may be d^ected 
by a vari^ of techniques including the classic m^iod of enzyme-linked immunoassays 
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(EUSA) io Which the reaction of an antibody-coupled enzyme Is exploited as an indicator.. 
A common and conceptiiaUy simple scheme ensures the detecUoo of antibody bhiding to 
a taiget analyte by supplying a fluorescemly hbded second antibody that recognizes the 
first (or primaiy) antibody. 

5 BiiHling assays involving soluble globular proteins arc often perf^^ 

solution to ensure wiWased interactions between protein and taiget. Such liquid phase 
assays, eq)ecia]ly when peifonned at low concentrations of target or probe, minimize 
potential difficulties thai may arise when either taiget or probe arc present in abundance 
or in close pn»dfflity. By the same token, the Idnetics tend to be slow. Cooperative 
10 effects, such as crowding, arising fkom the close proxhnity 

controlled when either probe or taiget is chemically anchored to a solid substrate. 

Nonetheless, this latter solid phase format of binding assays is also veiy 
commonly employed whenever the situation demands it. For example, the presence of 
a protein on the surface of a cell may be exploited in "pamiing- for the cells that express 

15 this protein in the presence of many other cells in a cnltore that do not: desired cells 
attach themselves to the suilace of a container that is pre^^ated with a iayer of a 
secondary antibody directed against a primaiy antibody decorating the desired ceil-sudace 
protein. Similarly, certain phages may be genetically manipulated to diq)lay proteins on 
their surface, and these may be identified by a binding assay involving a small molecule 

20 probe such as an amigen if the protein disphiyed is an antibody (Watson et al., 
"Recombinant DNA". 2nd Edition (Sdentiik American Books, W.H. Freeman and Co.. 
New York , NY. 1983), the contents of which are mooiporated hoein by reference), to 

addition, the planar geometry accommodates a variety of optical and electrical detection 
sdiemes implemented in transducers and senson. 

25 A««*«™^ofJiq««l|»haseandK^ 

using beads that are decorated with either probe or teiget, as iri procedures that 
decorated magnetic beads for sample pnpaiatioo or purification by isoteting binding from 
iicwHbindingmoleciikshiagivenmultl^oii^ Recent examples of the use 

of these beads iiKdude the purificaiioo of templates for DNA sequeocm 
30 tJ»«»«*ion of m»NAsfiom(ly8ed)cdl8lv hybrid!^ 
with poly-adeaine (potyA) readues. 

Functiomd assays involving suitable types of cells are employed to monitor 
extiacelhilareffijcts of small molecule drugs on ceU metabolism. CeDs are placed m the 
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immediate vidnity of a planar smsor to maximize the local concentration of agents, 
released by the cell or to monitor the local pH. 

The present invention provides the means to implement mixed phase binding 
assays in a planar geom^ with a degree of flexibility and control that is not available 
S by prior ait methods. Thus» it offi^ the flexibility of forming, in-situ, revmibly and 
under external ^tial ccmtrol, either a planar panel of taiget sites for binding of analyte 
present in an adjacent liquid phase» or a planar array of pnrf)e-target complexes subsequent 
to perfonning a binding assay in solution. Binding may take place at the surface of 
individual beads su^)raded in solution, at the surface of beads pre-assembled into arrays 
10 adjacent to the electrode aiiface, or at the dectrode ^rface itself. Either the targ^ or 
probe molecule must be located on a bead to allow for a bead*based assay according to 
the present invention. As shown in Fig. 8, if die probe molecule P is located on a bead, 
then the target molecule T may be dther in solution, on a bead or on the electrode 
suiftce. Tlie converse is also true. 
IS For example, the methods of tte present invention may be used to 

implement panning, practiced to clone cell surface rBcq>tors, in a far more expeditious 
and controlled mann^ than is possible by the prior art mediod. Givm a substrate that has 
been coated with a byer of antibody directed against the sought-afiter cell surface protdn, 
the present invcirtion facilitates the rapid assembly of aplanar array of cells or decorated 
20 beads in proximity to the layer of antibodies and the subsequent disassembly of the array 
to leave bdiind <mly those cdls or beads capable of forming a comply with the 
surface-bound antibody. 

A furthOT example of interest in this eatery p^tains to phage displays. 
This tedmique may be employed to present a layer of protein targets to bead-anchored 
25 probes. Bead arrays may now be employed to idratify a prc^in of int^est. That is, 
beads are decorated with small molecule probes and an array is formed adjacent to the 
phage display, ffinding will result in a probe-taiget comfdex tiiat retains beads while 
othm are removed when ttie dectric fidd is turned off, or wbra light-control is applied 
to remove beads from the idmge diq>lay. If beads are encoded^ many binding tests may 
30 be carried out in parallel t)ecause retained beads may be individually idratifled subsequmt 
to bmding. 

The methods of the present invmtion readily facilitate competitive binding 
assays. For example, subsequrat to binding of a fluorescent probe to a target-decorated 
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bead in soluticm and the fonnation of a planar bead amy adjacent to the electrode, 
fluorescent areas within the anay indicate the position of positive taigets. and these may 
be further probed by subjecting them to competitive bmding. Hiat is, whUe monitoring 
the fluorescence of a selected section of theptanar anay. an inhibitor (for enzyme assays) 
5 «rotherantagonist(ofknownbi«dingconslart)i8addedtotheelectrochem^^ 

the decrease in fluorescence origioating fiom the region of interest is measured as a 
function of antagonist concent^ to detennine a bindmg constant for the original probe . 

This is an example of a concatenation of analytical steps that is enabled by the methods 
of the present invention. 

10 The feet that a probe-taiget complex is fixed to a coUoidal bead, as in the 

methods of the present invention, conveys practical advantages because this facilitates 
separation of positive from negative events. Particulariy when solid phase assays are 
performed on a planar substrate, an additional advantage of planar bead arrays is the 
enhancement of light coUection efficiency provided by the beads, as discussed heran. 

i5 If desired, beads may serve strictly as deHvery vehicles for small molecule 

probes. That is. an array of probeKlecorated beads is fonned adjacent to a taiget- 
decorated surface in accordance with the medwdsofthe present invention. UV-activated 
cleavage of the probe from the bead support wiU ensure that the probe is released in ^ 
proximity to the target kyer.tt««eby enhancing speed and efficiency of the assay. Tlie 

20 ide^ty of the particular probe interacting wid» the taiget may be ascerta^ 
positional location of the bead delivering the probe. 

nie methods of the present invention apply not only to colloidal beads of 

a wide variety (that need no special pR^ve procedures to make them magnetic for 

example), but also to liirfd vesicles and cdls that are decorated with, or conte^ 
25 in thdr outer wall, either probe or taiget. Tl« medKKis of the present invention may 

therefore be applied not only to bead-anchored sotable proteins but potentially to integral 

memtnane recqptors or to odl soifece receptora. 

m particuhr, the rapid assembly of cdls in a designated area of the 

substrate suifece fecOitates the implementation of highly parallel celH»sed functional 
30 assays. ll>e preset invention «d«s it possible to expose cdls to smaM mol«^^^ 

candidates in s(*aioo and nqridly asseartte them in to^ 

the electrode suifece. or to expose preKassembled cells to such agents that arc released into 
the adjacent liquid phase. ^ the snnplest case, aU cells will be of the same tw*. and 
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agents will be admiidsteied sequentially. Even in this sequential version, electroldnetic . 
mixing will enhance thrcmgh-put. However, as described herein, the methods of the 
present invmtion also enable the parallel version of Innding assays and thus of functional 
assays in a planar formal by encoding the identity of ^exeat cells by a **Layout- 
S Preserving Transfer" process from an 8x12 well plate, as discussed her^, and to isolate 
cells scoring positive by provkiing feed-back from a q>atially resolved imaging or sensing 
process to target a specific location in the array of cells. 

Example Vn • Sq)aration and Sorting of Beads and Particles 
10 The preset invention can be used to implraient several procedures for the 

separation and sorting of colloidal particles and biomolecules in a planar geometry. 
Specifically, these include techniques of lateral sq>aration of beads in mixtures. 
Individual beads may be removed from an array formed in response to an electric field 
by the application of optical tweezers. 
IS The sqparaticm of components in a given mixture of chemical compounds 

is a fundamental task of analytical chemistry. Similarly, bioch^ical analysis frequently 
calls for the sqMuation of bicmiolecules, beads or cells according to ^e and/or surface 
charge by electrophoTBtic techniques, while the sorting (most commonly into just two 
sttb*classes) of suspended cdls or whole chromosomes accordiiig to optical properties such 
20 as fluorescence raiission is usually performed u^g field-flow fractionation including flow 
cytcHnetry and fluorescence-activated cell sorting. 

In a planar geometry, bead mixtures undergoing diffusion have been 
previously separated according to mobility by i^lication of an AC electric field in 
conjunction with lithogrqifaic patterning of the electrode suifiice designed to promote 
25 directional drift Essentially, tfie AC or pulsing electric field is used to move small beads 
in a particular direction over a period oi time. Oqnllary electrq>boresis has been 
implemrated in a planar geometry » see e.g., B.B. Haab and R.A. Matfues, Anal. Chem 
67, 3253-3260 (1995), the ooi^sols of which are incorporated faeaein by reference. 

Hie mettiods of the present inventicm may be af^ed in sevml ways to 
30 implcanent the task of separation, sorting or isolation in a planar geometry. In contrast 
to tte prior art ai^Hoacbes, the present invention provides a sigmficant degree of flexibili- 
ty in sdecting from among several available procedures, the oi^ best suited to dte 
particular at hand. In some cases, more than one sq)aration technique may ht 
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aiiplied, and this provides the basis for the implementation of two-dimensional separation. 
That is, beads may be separated accoiding to two different physical-chemical 
characteristics. For example, beads may first be separated by size and subsequentiy, by 
nrismg the appUed fkequency to induce chain fonnation, by pohrizaWlity. niis flexibility 
offers paiticolar advantages m the context of integrating analytical functionalities in a 
planar geomeby. Several techniques will now be described. 

i) TheprBseminventionmaybeusedtoimplement "sieving" in lateral, 
ebctric fidd-induced flow on suiiaces patterned by UV-mediated oxide legrowth to sort 
beads in a mixture by size. The fiindamental operations of the invention are invoted to 
set up directed lateral particle motion along conduits laid out by UV-mediated oxide 
regiowtii. Conduits are designed to contain successively narrower constrictions through 
which particles must pass. Successively finer stages allow only successively smaller 
particles to pass in Uiis "sieving" mechanism (F.g. 9a). As shown in Fig. 9a, tiie primaiy 
partide flow is in d»e direction left to right, while a transverse flow is established in the 
toptobottomdiiectionutilizinganoxideprofileas shown. Additionally, rows of bairicre 
92 made fhmi Uiidt oxide are positioned along tiie conduit witii tiie qwdng ^ 
harriers in each row decreasing in ti»e transverse direction. As die particles move along 
tije conduit, die rows of barriera act to separate out smaller particles in ti>e transverse 
direction. I" comrast to previous mefliods based on dectn>phoretic separation, large DC 
electric fields, and die attendant potential problem of electrolysis and interierence from 
electnwsmotic flow in a direction opposite to die flekMinxA^ particle tnospon, the 
presem im«mtion uses AC electric fleWs and lateral gradiems in imerfed^ 
produce transport. Tl»e present method has ti* advantage of avoiding electrolysis and it 
tJdces explicit advantage of electroosmotic flow to produce and contrt,! parties 

In addition, theuseofSi/SiOxetectrodes enables die use of ti»Hght-control 
componentoftheprese«im«ntiontomodifylatcraltransportofbead8m R>r 
«cimple,odeinalilhm,i»ationmaybeemployedto 

gradient induced by UV-mediated oxide regrowtii. Particles in tiiese neutral "zones- 
would no looger«,wience any net force and come to rest. TTiis principle may be used 

as a basis for the implementation of a scheme to locally concentrate particles into ^ 
bands and thereby to improve resohition in subsequent separation. 

iO T^epresem invention may be used to implement "zone refining", 
a pn)cess of exchiding minority components of a mixture by size or skq)e fhmi a gro 
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crystalline array of mauori^ component. This inocess ^licitly dq)ends on the . 
cs^bllities of the present invention to induce dtiectional ciystaUbsation. 

The process of zone refining is employed with great success in producdng 
laige single crystals of ^con of very hi^ piirity by exchiding impurities from the host 
S lattice. The concqit is familiar from the standard chemical procedure of purification by 
recrystallizadon in which atoms or molecules that are sufficiently different in size, shape 
or charge from the host species so as not to fit into the forming host crystal lattice as a 
substitutional impurity, are ejected into sohition. 

By enabling the growth of planar arrays, in a given directicHi and at a 
10 controlled rate, the present invention facilitates the implemmtation of an analogous zone 
refining process for planar arrays. The most basic geometry is the linear geometry. A 
multi-component mixture of beads of different sizes and/or sh2q>es is first ca^red in a 
rectangular holding area on the surface, laid out by UV-patt^rning. Next, crystallization 
is initiated at one end of the holding area by illumination and allowed to slowly advance 
IS across the entire holding area in reqxuise to an advandng pattern of illumination. In 
general, differences of qq[>rmdmately 10% in bead radius trigger qection. 

iii) The present invration may be used to implemmt fractimadon in a 
transverse flow m a manner that sq)arates particles according to mobility. 

Field-flow fractionation refers to an entire class of techniques that are in 
20 wide use for the separation of molecules or suspended particles. The principle is to 
separate particles subjected to fluid flow in a fidd acting transverse to the flow. A 
category of such techniques is subsumed under the heading of electric-field flow 
fractionation of which free-flow dectrophoresis is. a potinent example because it is 
compatible with a phnar gecNnetry. Free-flow dectro|dioresis employs the continuous 
25 flow of a iq>lenished buffer betweoi two luinowly spaced plates in the presence (rfa DC 
etoctric field ttat is applied in the plam of the bounding plates transverse to the direction 
of fhiid flow. As they traverse the dectric field, charged particles are deflected in 
proportion to tfidr electroirfior^c mobility and collected in separate outlets for subsequent 
analysis. In contrast to conventional electrq>horesi5, free-flow dectrophoreds is a 
30 continuous process with high diroughput and it requires no supporting inedium such as a 
gel. 

The i^eseM invention o^les the implementation of ftdd-flow fractionation 
in a planar geometry. As previously discussed herein, impedance gradiems imposed by 
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UV-oxide pioffling serve to mediate paitide motioii along the electrode satboB in 
response to the extenial electric field, m a ceU with a oanow gap, the lesultiDg 
electrokinetic flow has a -phig" profile and this has the advantage of exposing all paxtides 
to identical vahies of the flow velocity field, thereby minimizbg band distortions 
5 introduoedby the paiabolib velocity prome of the lam^ 
£ree-flow electraidxne^. 

A second flow field, transvetse to the primaiy flow direction, may be 
employed to mediate particle separation. Hiis deflecting flow may be generated in 
response to a second impedance giadieot. A convenient method of imposing this second 
10 gradient is to take advantage of UVH)xide patterning to design appropriate flow fields. 
Both loqgitudimd and transverse flow would be recirculating and thus permit contimious 

operation even in a closed ceU, in contrast to any related prior art technique. 

Additional flexibiUty is afforded by invoking the light-control component 
of the present invention to iUuminate the substrate with a stationary pattern whose 
15 intensity profile in the direction transverse to the primary fluid flow is designed to 

the desired impedance gradient and hence produce a transverae fluid flow. (Fig. 9b). 
This has the significant advantage of permitting selective activation of the transverse flow 
in response to the detection of a fluorescent bead crossing a monitoring window upstream . 
Non-fluorescent beads would not activate the transverse flow and would not be deflected. 

20 Tliispreadurerepresentsaplanaranatogofflowcytometry.orfluorescence-actm 
sorting. 

iv) Tbeinventionmaybeusedtoiwhicethefonnatfenofparticlechains 
in the direction normal to the plane of the electrode. The chains represent conduits for 
<«nent transport between the electrodes and thdr ibrimition 

25 polarization. Chains are much less mobile in transverse flow than are individual particles 
so that this efiect may be used to sq»rate pttticles according to the ^ 
contribute to the net polaiiatimi. The effto of reversible chain formation has been 
demonstntednndertheexpeiimentaloooditioosstatedh^^ For example. ti«reveraible 
fonnation of chains ocean, for caibo^^lated polystyrene beads of 1 micron diameter, at 

30 a voltage of 15 V (pp) at firequeacies in excess of IMIfe. 

v) invention may be used to isobte individual beads ftom a planar 

amy. 

Fluorescence binding assays in a planar array fonnat. as described herein, 
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may jnodiKre sii^ular, bright beads witfiin a laige anay, indicating paiticulariy strong . 
binding. To isolate aiMi retrieve the conesponding beads, optical tweosers in the fonn of 
a shaxply focused laser spoU may be mployed to lock onto an individual bead of interest. 
The light-control component of die presrat invention may be used in conjunction with the 
S optical tweezm to retrieve sudi an individual bead by moving the array relative to the 
bead, or vice vma, or by disassmibling the array and retaining only the mariffid bead. 
This is a rather unique o^ability that will be particularly useful in the context of isolating 
beads in ceitain binding assays. 

Ccmunerdal instrumentation is available to position optical tweezers in the 
10 field of a microscope. Larger scale motion is facilitated by translocating the array in-situ 
or simply by movmg the external sample fixture. This process lends itself to automation 
in conjuncticMi with the use of peak-finding image analysis software and feedback control. 

vi) The invention may be used to implement a light-induced array 
sectioning (** shearing") operation to sq>arate fluorescent, or otherwise delineated portions 
IS of an array from the remainder. This operation makes it possible to segment a given 
array and to isobUe the corresponding beads for downstream analysis. 

Hie basis for the implementation of this array segmentation is the 
light-control component of the present invention, in the mode of driving particles from an 
areaof aSi/SiQxintBf£iu:ethati5ilhiminated withhighiiiten^ It is emphasized here 
20 that this effect is con4>letely unrelated to the lights-induced force on beads that undoes 
the action of optical tweezers. Hie presrat effect which qperates on large sets of 
particles, was demonstrated und^ the CTpmmental conditions stated herein u»ng a lOOW 
illuminator on a Zeiss UEM microscope opiated in q>i-illumination. A simple 
implonentaticm is to siqperimpose, on the uniform illununation pattmi aj^lied to the entire 
25 array, a line-focussed beam that is positioned by nianipulation of beam steering elements 
external to the microscope. Beads are driven out of die illuminated linear portion. Other 
impkmentaiions take advantage of two sqiaratdy controlled beams diat are partially 
superimposed* The liiiear sectiomng can be rq)eated in different id^ 
shear and array. 

30 

Example vm - Sc^eemng for I^g Discov^ in Planar Geometry 

The functicmal elonents of the present invention may be combined to 
implemrat procedures for handling and screening of compound and combinatorial libraries 
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in a planar fonnat. The piincqxd requisite dements of this task are: sample and reagent . 
delivery from the set of original sample leservoiis, ccmrnionly in a fonnat of 8x12 wdls 
in a micn^ter plate, into a planar cell; £3d>rication of planar arrays of taigets or of 
pjobe-taiget conq>l^ces adjacent to the planar electrode sur£Eu:e prior to or subsequent to 
S performing a binding assay; evaluation of the binding assay by imaging the spatial 
distribution of niaik» fluoresomce or radioactivity, optionally followed by quantitative 
pharmacokinetic measurements of affinity or binding constants; isolation of beads scoring 
positive, and rmoval from further processing of other beads; and collection of spedRc 
beads for additional downstream analyas. The present invention relates to all of these 

10 elrai^, and the fundamoital operations of the invention pixyvide the means to 
concatenate these procedures in a planar fonnat 

A central issue in the iroplementatiDn of cost-^ective strategies for modem 
th^-s^tic dnig discov^ is the design and implementation of screening assays in a 
manner facilitating high throughput while providing pharmacokineiic data as a basis to 

15 select promisiiig drug leads from a typically vast library of compounds. That is, 
molecular specificity for the target, characterized by a binding constant, is an important 
fiactor in the evaluation of a new compound as a potential tberap^c agent. Common 
taigets inchide enzymes and recqitors as well as nucleic acid ligands displaying 
characterise secondary structure. 

20 The emerging paradigm for lead discovery in pharmaceutical and related 

industries such as agricultural biotechnology, is the assraibly of novel synthetic compound 
libraries by a broad varied of new methods of sofid state ""combinatorial" qmthesis* 
Combinatorial diemistry rrfers to a categcny of strategies for the parallel synthesis and 
testily of multq>le compounds or compound mbctures in solution or on solid supports. 

25 Fdr aanq)le, a combinatorial synthesis of a linear oligopeptide containing n amino adds 
would simultaneously create all cimipounds rqneseitfing the possible sequence 
pennutations of n amino adds. The most commonly employed implementation of 
combinatorial synthesis relies on coUoidal bead supports to encode reaction steps and tims 
tiie identity of each compound. Beads preferred in current practice tend to be large (up 

30 to 500 micnms in diameter) and porous to maximize flidrco^ 

tiiey must be nooded to preserve die identity of die compound they carry . 

Sevml metiKxb <rf encoding, or binary encoding, of beads are available. 
Two examples are as foUows. First, beads may be labded witii short oligonucleotides 
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such as the 17-iners Really raiployed in hybridizatioii experimrats. The sequence of 
sudi short probes may be detmnined by micioscale sequencing techniques such as diiect 
Maxam-Gilbeit sequencing or mass spectrometiy . TTiis encoding scheme is suitable when 
the task calb for screening of Uhraries of nucldc acid Ugands or o^ Second, 
5 members of a combinatorial library may be associated with chonically inert molecular 
tags. In contrast to the previous case, these tag molecules are not sequOTtially linked. 
Instead, the sequence of reaction stq)s is racoded by the formal assignment of a binary 
code to individual tag molecules and their mixtures that are attached to the bead in each 
successive reaction stq). The tags are readily idratified by standard analytical techniques 

10 such as gas chromatography. Ihis general encoding strate^ is cunmtly employed in the 
synthesis of combinatorial libraries on coUoidal beads. 

Comm^icial craipound libraries are large, given that even for the 
afor^entioned 17-mer, the number of sequence pennutations is 4^17, or approximately 
10^10. However, the high ^ifidty of typical biological substrate-target interactions 

15 implies that the vast majority of compounds in die collection will be inactive for any one 
particular target. The task of screening is to sdect from this large set the few potential 
lead compounds displaying activity in binding or in fwcti^ Iheprindpaldrug 
discoveiy strat^y widely applied to natural compound libraries in the phannaceutical 
industry is to select individual compounds from die library at random and subject them 

20 to a series of tests. Systematic screening procedures are thus required to implement the 
rapid screening and scoring of an oitire library of synth^c compounds, in practice often 
containmg on the order of 10^ items. 

In current practice, conqxwnds are first cleaved and duted from th^ solid 
supports and are stored in microtiter plates. Furth^ sample handling in the course of 

25 screening relies primarily on robotic pipetting and transfer between different containers, 
typically wells in microtiter idates. While robotic woricstations represent a step m the 
directk>n of automating the process, they rely on die traditional format of miootiter plates 
containing 8x12 wdls and sample handling by pipetting and tiius represent merely an 
incremratal opmticmal inqxrovement A significant additional considmtion is the need 

30 to cons^ve reagmt and sample by redudng the q^atial scale of die analytical procedures. 

The present inventicm provides a set of operatims to realize integrated 
sample handling and screenii^ procedures for bead-based compound libraries in a planar 
format. This will significantly reduce time and cost due to reagent and sample volumes. 
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The prindpal advantage of the methods of the present invention is that they provide a 
laigB set of fundamental operations to manipulate sets of beads in a planar fonnat, 
peimitting the handling of beads between stations in a mutti-step analytical piocedure. 

In paiticular, as previously described herein, the methods of the present 
5 iwenIionfi«alitale the implemenlation of the following pertin^ 

samples fiom microtiter plates to a planar etectiochemical ceU; fonnation of 
heterogeneous panels of taiget sites adjacent to the substrate snifece; soUd phase binding 
assays; and isolation of specific beads fiom an array. In addiUon. the fundamental 
operations of the present invention provide the means to concatenate these procedures on 
10 the saxSaos of a planar eleoiode. 

As described herein for hybridization assays, several variants are possible. 
Ttat is. binding assays may beperforaied by allowing protein targets such as enzymes to 
Wnd to compounds on the suibt» of a bead, either in suspension or arranged in aplanar 
amy. The common practice of combinatorial chemistiy based on large porous earner 

15 beadsaccommodatestheconcurrenthandlingof smaller beads to whose outer suriiu* 
compounds are anchored via inert chemical spacers. Such small beads (up to 10 microns 
in diameter) are readily manipulated by the methods of the present invention. Large beads 
are used as labeled compound storage containers. 

Alternatively, binding between target and a radioactivdy or odiecwise 

20 labeUed probe may occm- in solution, within microtiter plate wdls, if componmlsto^^ 
already been cleaved from their syntfiesis support. In that case, probe^taiget complexes 
may be captured by compiention to encoded beads in each wefl, for example via the 
secondaiy antibody method of couplmg the protdn target to a bead-anchored antibody. 
BeadKaptmed probo^aiget complexes are then tiamrfferred to ti^ 

25 analysisandfuitherprocessingasilhistnledinKg. 10. Asshownin 

taiget complexes 102 are aUowed to form in sohition. Antibody coated beads 104 are 
added to tiwsohition, resulting in a bead anchored comi*sc 106. The bead anchored 
complexes 106 are dtposited onto electrode 108 fiom wells 110, and a planar array of 
beadanchoredcomplewsisftmned. When ftooiescent probes 114 are used, these impart 

30 fliwrcscence to the bead anchored complex, facilitating detection 

The metfiods and apparatus of tiie present invention are weU suited to tije 
task of identifying a smaUmraiber of positive events in a large set. The imaging of an 
entire array of pnrtMHaiget complexes is Amber enhanced by proximity to an area 
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d^ector, and by bead tensing action. The isolation of a small number of positive scores . 
ftom the anay is leadily achieved, for exampte by applying optical tweezm, as desciibed 
h^ein. The large lemainder of the array may then be discarded. This in tum 
considerably reduces the complexity of applying more stringent tests» such as the 
5 determinaticm of binding constants, because these may be reacted to the few retained 
beads. These tests may be directly applied^ without the need for additional sample 
transfer to new ccmtainers, to the samples surviving tte first scieening pass. 

Example DC - Hybridization Assays in Planar Array Format 
10 The pr^nt invention can be used to implement solid phase hybridization 

assays in a planar array fonnat in a coofigunition rdated to that of a protein binding assay 
in which target molecules are chemically attached to colloidal beads. The methods of the 
present invention facilitate the formation of a planar anay of diffeient target 
oIig(Hiucieotides for presentation to a mixture of strands in solution. Alternatively, the 
IS array may be formed subsequent to hybridization in solution to facilitate detection and 
analysis of the qKitial distribution of fluorescence or radioactivity in the array. 

Considerable research and devdq[miait is presently bdng invested in an 
effoxt to develop nuniaturized instrumentation for DNA sample extraction and prq)aratu>n 
including amplification, transcrqitton, labding and fragmentation, with subsequent analysis 
20 based on hybridization assays as well as electrpphoretic separation. Hybridization assays 
in planar array fmmat are bdmg devdoped as a diagnostic tool for the is^id detection of 
spedfic angte base pair mutaticms in a known segment of DNA, and for die detennination 
of expression levels of cdlidar genes via analysis of the levels of coReqx>nding mRNAs 
or cDNAs. Hybridization of two complemmtary single strands of DNA involves 
25 molecular recognition and subsequent hydrogen bond formation between oorre^KHiding 
nudeobases in the two q[qioM^g strands according to the rules A-T and G-C; hcsc A, T^ 
G and C re:9)ectivdy represent the four nudeobases Adenine, Thymine, Guanosine and 
Cytosine found in DNA; in RNA, Thymine is rq>laced by Uracil. The formaticm of 
double-strand, or duplex, DNA requires the pairing of two highly n^atively charged 
30 strands of DNA, and the kmic strength of the buffer, along with t^nperature, plays a 
decisive role. 

As previously discussed terein, two principal m^hods to prepaid 
heterogeneous arrays of targ^ strands on the suxface of a plaimr substrate are 
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micnHlispensing (-printing") and in-situ. spatiaUy encoded synthesis of oligonucleotides 
representing an possibfe sequence pemutations for a given total length mthis 
context, bytnidization must necessarily occur in close proximity to a planar substrate 
5UifiM» and this condition requires caie if complications ftom stt^^ 
5 non-specificbindingofstrandstotiiesubstnitearetobeavoided. Non-specific adsoiption 
can be a serious problem , e^^dally in the presence of DC electric fields employed in 
cuirem commercial designs tiiat rely on electrpphoretic dqx,sition to accelerate the 
kinetics of hybridization on die suifiice. In addition, tiiere are the technical difficulties, 
previously discussed herein, «»ulting from steric hindrance and from collective effect^ 
10 reflecting tiie crowding of probe strands near tile surface. 

In tiie context of DNA analysis, colloidal (magnetic) beads are commonly 
used. For example, they are employed to capture DNA in a widely used screening 
procedure to select cDNAs from clone Ubiaries. SpedficaUy, cDNAs are allowed to 
hybridize to sequences wiUrin long genomic DNA tiiat is suhsequeody anchored to 
15 magnetic beads to extract tiie hybridized cDNA from die mixture. 

The present invention facilitates tiie fonnation of planar arrays of 
oligonucleotide-decorated colloidal beads, eitiier prior to or subsequent to hybridization 
of a fluorescence probe strand to tiie bead-anchored taiget strand or subsequent to hybrid- 
ization in free solution and bead capture of tiie end-fiim^ionalized taiget strand. In 
contrast toprior art metiiods, tiiepresent invention does not require hybridization to occur 
in tiie vidmty of planar substrate smface, ahhough tiiis is an option if bead-anchored 
probe strands are to be delivered to sub8tiBti>.anchofed taiget strands. 

•n» ability to pofom hybridization eitiier in solution, on tiie sui£u» of 
individual beads, or at ti» substrate surface provides an m,»recedented A«ree of 
flexibiKQr. I» addition, ti« advantages of bead anays, as described herein, make it 
feasible to sehxt and isdate individoal beads, or groups of beads, ft^ 
the basis of ti» score in a hybridization assay, ibis isobtion facilitates tiie 
implememationofsubsequertassaysontf^straBdsofimerest. The feet tiiat beads remain 
mobOe also means ti«t beads of interest may be collected in designated holding areas for 
"fcrosequemang, or may be moved to an area of substrate designated for fCR 
amplification. 

The metfwds of die present invention may be used to implement a 
hybridization assay in a planar array format in one of two princqxd variations. All 
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involvethepieseiiceof theratireiqieitoixeof beadsintbe^ . 
adjacent to the electiode surface for parallel read-out. As with heterpgeueous panels in 
general, the arrangement of beads within the array is either random (with tespcd to 
chemical identity), and the identity of beads scoring high in the binding assay must be 
5 detennined subsequently, or it is spatially racoded by invoking the "Layout-Preserving 
Transfer** m^hod of sample loading Ascribed herein. 

The former variant is readily implemented and accommodates array 
formation either prior to or subsequent to performing the binding assay. For example, 
binding may be performed in su^irasion before beads are assembled into the array. As 
10 with the aforemrationed cDNA selection procedure, the m^hod of the pres^ invention 
also accommodates the use of beads as capture elements for end-fiinctionalized target 
DNA, for example, via biotin-strq>tavidin complexation. In this latter case, beads serve 
as a delivery vehicle to collect all probe-target complexes to the electrode surfiace where 
they are assembled into an array for ease of analysis. In particular, proximity CCD 
IS detection of beads on electrodes will benefit from the len^g action of the beads in the 
array. This version of the assay is preferably used if only a small number of positive 
scores are expected. 

Hybridization to a pie-formed bead array can take advantage of a variant 
of the assay which preserves spatial racoding. An array of bead clusters is formed by the 
20 "Layout-Preserving Transfer" method previously described herein, and exposed to a 
mixture of cDNAs. The resulting spatial distribution of fhiorescence intrasity or 
radioactivity r^lects the relative abundance of cDNAs in the mbcture. This procedure 
relies on the detectimof a characteristic ihiorescenoe or other signal from the probe-target 
complex on the surface of a single bead. Given the fact that the array is readily held 
25 staticmary by the methods of ttie present invention , image acquisition may be extended to 
attain robust signal-to-nc»se fw detectim of low level signals. For sample, a signal 
generated by a bead <^ 10 micron cfiameter witii at most 10^8 prob&-target comptoces on 
tiie surfece of tiie bead may be detected. Bead toising action also aids in detection. 

As with the imptemratatioo of drug screening, the functional elemems of 
30 the present invention may be combined to perform multiple preparative and analytical 
procedures on DNA. 



Example X - Alignment and Stretching of DNA in Hectric Field-Induced Ftow 
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The present invention can be used to position Ugh-molecular weight DNA 
in its coiled configmatioa by invoking the fimdamental operations as they apply to other 
colloidal paitides. However, in addition, the dectrokinetic flow induced by an electric 
field at a pattened electrode suifiice may be employed to stretch out the DNA into a 
5 linear oonfigunttion in the direction (rfthe flow. 

Procedures have been recentty introduced which rely on optical imaging to 
constiurt a map of cleavage sites for nastrictlon enzymes along the contour 
DNA molecule. Hiis is genendly known as a "restriction map". ITiese procedures, 
which facilitate the study of the interaction of these and other proteins with DNA and may 

10 alw lead to the devcl<q>mert of techniques of DNA sequencing, dqnmd on the abi% 
stretch and align DNA on a ]danar substrate. 

For individual DNA molecules, this has been previously achieved by 
subjecting the molecule to elongational forces such as those exerted by fluid flow, 
magnetic fields acting on DNA-anchored magnetic beads or capillaiy forces. Fo^ 
15 example. DNA "combs" have been produced by simply placing DNA molecules into an 
evaporating droplet of electrolyte. If provisions are made to promote the chemical 

attachment of one end of the molecule to the surface, the DNA chain is stretched out as 
the receding line of contact between the shrinking droplet and the suifece passes over th^ 
tethered molecules. TWs leaves behind diy DNA molecules that are attached in random 

20 Positionswithinthesubstrateareainitiallycoveredbythedropha,5tretchedonttovaiym 
degrees and generally aligned in a pattern of radial symmetiy r^ecdng the droplet shape, 
linear "bnishes", composed of a set of DNA molecules chemicaUy tethered by one end 
to a common line of anchoring points, have also been previously made by aUgning and 
stietching DNA molecules by dietectiophoresis in AC electric fiekls applied between two 

25 metal electrodes previously evaporated onto the substrate. 

The present invention invi*es dectn&inetic flow adjacem to an electro^ 
patterned by UVnnediated n^rowth of oxide to provide a novd ap^ 

of DNA m<riecules in a predeteimined anangemcm on a pla«ff electrode ^ 
the stretching of the molecules Ihmi tbeir native coil configuration 
30 «»fi8«»nttionthatisalignedinapre.deic«mineddi^ 

11 and is accomplished by creating contndled gradients in the flow vicinity ac^^ 
dimenskmoftheDNAcoil. velocity gradient causes difierent portions of the coU 
to move at different velocities thereby stretching out the coil. By maintaining a stagnation 
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poim at zmvelocHy, the Stretched ooUwiU be fixed in This m^od has several . 

advantages over the prior axt approaches. First, DNA molecules in thdr coiled state are 
subjected to light contiol to fonn arrays of desired shqw in any position on the suffoce. 
This is possible because large DNA from cosmids or YACs forms coUs with a radius in 

5 therangeof one nucnm, and thus acts in a manner analogous to cofloidalbea^ A set 
of DNA molecules may thus be steered into a desired initial arrangement. Second, 
UV-pattraning ensures that the dongational force mated by the electrokinetic flow is 
directed in a pred^rmined direction. The pres^ice of metal electrodes in contact with 
the sample, a disadvantage of the dielectrophoretic prior art method, is avoided by 

10 eliminating this source of contamination that is difficult to control especially in the 
presence of an electric field. On patterned Si/SiOx electrodes, flow velocities in the range 
of several microns/second have been generated, as required for the elongation of single 
DNA molecules in flow. Thus, gradirats in the flow field determines both the fractional 
elongation and the orientation of the emerging linear configuration. Third, the present 

IS invention facilitates direct, real-time control of the velocity of the electric field-induced 
flow, and this in turn conveys e3q)licit control over the fractional elongation. 

While the invention has been particularly shown and described with 
Ttttreoct to a prefmed embodiment thereof, it will be understood by those skilled in the 
art that various changes in form and details may be made therein without departing from 

20 the spirit and scope of Uie invention. 
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CLAIMS 

1. A method for manipulatii^ particles suspended at an interfiace between 
an electrode and an etectrolytB solution, the method comprising the following steps: 

generating an electric field at an interface between an electrode and an 

electrolyte solution; 

patterning either the surface or interior of said electrode to modify its 
electrochonical properties; and 

iUuminatiijg said surface with a predetermined light pattern to control 
the movement of said particles in accordance with said predetermined Ught pattern and the 
electrochemical properties of said electrode. 

2. The method of claim 1 . wherein said electric field is at least one of a 
constant and a time vaiyiog electric field. 

3. The mediod of claim 1 , wherein said patterning step is perfoimed using 
at least one of UV-mediated oxide regrowth, surface chemical patterning and sur&ce chaige 
density profiling. 



4. The method of claim 1, wherem said electrode is a Ught sensitive 

electrode. 



5. The method of claim 1. wherein said iUummating step is perfoimed 
using at least a single, spatially moduhited light source. 



6. The mediod of chum 1, wherem the illuminating step comprises the 
fuithw stq> of : 

fltominating a selected area of said electrode to cause the 
particles to move into said sdectcd area. 



method of claim 1. wherein the ilhmiinatmg stq> comprises the 
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fuifher step of: 

illimunatiiig a selected area of said electrode surface with a high 
intensity light pattern so as to cause the particles to move out of said selected area. 

8. The method of claim 1 , wherein said illuminating step is time varying. 



1 9. The method of claim 8, wherein a traveling transverse constriction wave 

2 is established aloqg said electrode. 

1 10. The method of claim 1» wherein the patterning step comprises the 

2 further step of: 

3 creating a selected area of low impedance on said electrode to cause the 

4 particles to move into said selected area. 

1 11. The mediod of claim 10, wherein the frequency of said electric field 

2 is adjusted in order to place particles at the boundary delineatiqg said area of low impedance. 

1 12. The method of claim 1, wherein the patterning step comprises the 

2 further step of: 

3 providing said surface with low impedance except for a selected area 

4 to cause tihe particles to move out of said selected area. 

1 13. The inethod of clann 1, wherein said patterning st^ is used to create 

2 fu^ and second areas of low impedance on said electrode, and said illuminating step is used 

3 to selectively connect said first and second areas to cause said particles to selectively move 

4 between said first area and said second area. 

1 14. The mediod of claim 1» wherein said pattmm^ step is used to create 

2 first, second and third areas of low unpedance on said surface, and said illuminating step is 

3 used to selectively cause said colloidal particles to move from said first and second areas into 
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4 said third area. 

1 15. The metbod of claim 1, wherein said patteraipg step is used to create 

2 fiist. second aiKl thiid areas of low impedance on said surface, and said illuminating step is 

3 used to selectively cause said panicles to separate and move ftom said first area into said 

4 sec<md and third areas. 

1 16. The method of claim 1. further comprising the following steps: 

2 definii^ a pattern on said electrode, said pattern including a 

3 narrow conduit connected to a wide aiea; and 

4 forming a substantially constant, reduced thickness oxide on said 

5 electrode, said reduced thickness oxide substantially corresponding to sai^ 

6 said wide area. 



1 
2 



3 narrow conduit; and 
4 



5 
6 



17. The method of claim 1 . further comprising the foUowing steps: 

defining a pattern on said electrode, said pattern inchiding a 



forming a variable thickness oxide on said electrode, said 
variable thickness oxide corresponding substantially to said oanow conduU and inotasing 

from a first thickness at a first end of said narrow conduit to a second thickness at a sew 
7 end of said narrow conduit. 

1 18. Tlie method of daim 17, wherein said variable thickness oxide increases 

2 substantially lineariy Irom said first thickness to said second thickness. 

1 19. A method of transverse electrokinetic movemem of particles at an 

2 between an electrode and an dectiolyte sototion. the me^ 

3 following steps: 

* P*****^ a »Wbt.«iisitive electrode and an electro 

generating andectric field at an interface between said electrode 
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6 and said electrolyte solution; and 

7 iUuxninating said electrode with a predetennined light pattern to 

8 form lateral gradients in the dectrochemical properties of said electrode to control the 

9 movement of said particles in accordance with said illumination pattern in a direction 
10 substantially orthogonal to the direction of said electric field. 

1 20. A method of tramverse electrokinetic movement of particles at an 

2 interface between an electrode and an electrolyte solution, the method comprising the 

3 following steps: 

4 providing an electrode and an electrolyte solution; 

5 generating an electric field at an interface between said electrode 

6 and said electrolyte solution; and 

7 patterning said electrode to form lateral gradients in the 

8 electrochemical properties of said electrode to control the movement of said particles in 

9 accordance with said pattern created in said electrode in a direction substantially orthogonal 

10 to the direction of said electric field. 

1 21. A sorting apparatus for implementing the differential lateral 

2 displacement of particles saspcoded at an interface between an electrode and an electrolyte 

3 solution, said ai^aratus comprising: 

4 an electric field generator which generates an electric field at 

5 said interface; 

6 an electrode; 

7 an electrolyte solution having a substantially continuous flow 

8 which effects the di^lacement of said particles in a direction substantially parallel to said 

9 interface; 

10 said electrode being patterned and having its electroctemical 

1 1 properties modified; 

12 an iUumination source which illuminates said electrode with an 

13 adjustable, pred^ennined light pattern; and 
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14 a phualhy of particles located in said electrolyte solution, said 

15 particles being acted upon by a combination of forces arising from said substantially 

16 continuous electrolyte flow and from said electric field in accordance with said predetennined 

17 light pattern and said electrode electrochmiical properties, said particles being displaced in 

18 accordance with variations in die physical and chonical properties which determine the 

19 mobility of said particles. 

1 22. The sorting apparatus of claim 21. wherein said patterning includes a 

2 plurality of rows of fanennittently spaced barrier areas of high impedance, the intennittent 

3 spaciqg of the barriers decreasing from one row to the next, said rows being positioned 

4 transversely across said electrode; 

5 said electrode being further pattOTied to inchide an impedance 

6 profile characterized in that said impedance profile decreases in the direction across said 

7 electrode, said impedance profile having a high value at one side of said electrode 

8 corresponding to the row of barriers having the largest mtermittent spacing, and a low value 

9 at an <^posite side of said electrode corresponding to die row of barriers having the smallest 
10 intermittent spacing; 

said electric field causing said particles to move in a duection 

12 substantially transverse to said electrolyte flow in accordance with said variation in impedance 

13 between said first and second sides of said electrode, said rows of intermittentfy spaced 

14 barriers actiAg to separate particles by size inaccoidance with the mtermittent spacing of said 

15 rows of barriers. 



1 23. The sortmg apparams of claim 21, wherein said electrode is a light 

2 sensitive electrode. 



1 24. The sorting apparatus of ckdm 21. wherein said impedance profile is 

2 created by a predetermined iUumimition pattern. 



1 



25. Hie sorting apparatus of claim 21. wherein: 
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2 said electrode patterning includes an area of low impedaiKe 

3 bordered by an area of high impedance, said low impedance area including a narrow conduit 

4 in communication with a wide conduit* both said conduits beiiig oriented parallel to the 

5 direction of said continuous flow of said electrolyte; 

6 said wide conduit mchiding a row of intermittently spaced areas 

7 of high impedance harriers traversing the width of said wide conduit; 

8 a portion of said plurality of particles being optically 

9 distinguishable from the remaining particles; 

10 a detector for visually inspecting said particles traversing the 

11 length of said narrow conduit in response to said continuous flow of electrolyte; 

12 said illumination pattern being substantially in the shape of a 

13 rectangle having a longer dimension adjusted to be substantially equal to the width of said 

14 wide comluit, said rectai^le having a smaller dimension which is adjusted to be substantially 

15 equivalent to die diameter of said particles, said pattern being located in front of said barriers, 

16 and said illumination pattern conforming to an intensity profile placing a maximal value of 

17 intensity in the center of said wide conduit and decreasing synunetrically to lower values of 

18 intensity at the two sides of said wide conduit; and 

19 a delay activation circuit which activates said illumination profile 

20 in response to a signal dmved from said visual inspection of said particles so as to cause an 

21 illuminated particle to be displaced from regions of maximum intensity to regions of lower 

22 intensity of said intensity profile and to be deflected into the intermittent spaces between said 

23 barriers. 



1 26. A method of dynamically assmbling and disassanbling an anay of 

2 particles at an intoface between an electrode and an electrolyte solutioii, the method 

3 comprising the foUowii^ steps: 

4 providing an dectrode, an electrolyte solution and an interface 

5 tfierebetween; 

6 providing a phirality of particles located in said electrolyte 

7 sohition; 



wo 97/40385 PCTmS97/08tS9 

8 patteniiiig said electrode «> include at least one area of m 

9 electrochemical properties: 

10 illu m i n a ting said electrode widi a predetermined light pattern; 

11 generating an electric field at said interface to cause the assembly 

12 of an array of particles in accMdance with the predetermined light pattern and Ae 

13 electrochemical pnq)erties of said electrode; and 

1^ removing said electric fidd to cause the disassembly of said 

IS array of particles. 

1 27. The method of daim 26, wherein said predetermined light pattern is 

2 adjusted to reconfigure said partide array in accordance with said piedetcrmmed light pattern. 

1 28. The method of daim 26. wherein said particle array is compositionally 

2 random and said particles are chemically encoded to inchide chemically or physically 

3 distinguishable charactoristics. 

1 29. A m^hod of forming a spatially encoded array induding multq>le types 

2 of particles suspended at an interface between an electrode and an electrolyte solution, said 

3 method conq>rising the following stq>s: 

4 providiug an electrode and an dectrolyte solution; 

5 providing multiple types of particles, each type being stored in 

6 accordance with chemically or physicaUy distinguishable particle characteristics in one of a 

7 plurality of reservoirs, each reservoir containing a plurality of like-type particles suspended 

8 in said dectrolyte sohition; 

9 providing said reservoirs in die form of an MxN grid 
10 arrangemem; 

patterning said dectrode to define MxN compartments 

12 cotreqp<mdingtosaidMxNgridofiesnvoirs; 

dqwsitiiig MxN droplets from said MxN reservoirs onto said 

14 correspondiiig MxN compartments, eadi said droplet originating from o 
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15 and lemaining confined to cm of said MxN compartments and each said droplet containing 

16 at least one partkde; 

17 positioning a top electrode above said droplets so as to 

18 simultaneously contact each said droplet; 

19 graerating an electric field between said top electrode and said 

20 MxN droplets; 

21 using said electric field to form a particle array in each of said 

22 MxN compartments, each said particle array remaining spatially confined to oi^ of said MxN 

23 droplets; 

24 illuminating said MxN compartments on said patterned electrode 

25 with a predetermined light pattern to maintain the position of said particle arrays in 

26 accordance with said predetermined light pattern and the pattern of MxN compartments; and 

27 positioning said top electrode closer to said electrode thereby 

28 fusing said MxN droplets into a continuous liquid phase, while maintaining each of said MxN 

29 particle arrays in one of the corresponding MxN compartments. 



1 30. The method of claim 29, wherein said ccrnipartments are hydrophilic 

2 and the remainder of said electrode surface is hydrophobic. 

1 31. A method of forniing an optical lens array inchiding particles suspended 

2 at an interface betwera an electrode and an electrolyte sohition, said method comprising the 

3 following steps: 

4 providing an dectrode and an electrolyte solution having an 

5 interface tiierebetween; 

6 providing a phirality of particles located in said electrolyte 

7 sohition; 

8 patterning said electrode to inchide at least one area of modified 

9 hnpedance; and 

10 g»eratii^ an electric field at sakl int^tace to cause said 

11 particles to assemble into an ordoed array within said area of modified impedance. 
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32. The method of dahn 31, wherein said lens array is used to enhance 
light collection from said electrode surfece. 



33. The method of claun 31, wherein said lens array acts to magnify the 
size and intensity of small particles underneath said lens array. 

34. The method of claim 31, wherein said lens array comprises large 
particles on the order of 10 microns in diameter and said small particles have a diameter on 
the order of 1 micron. 

35. A diffraction grating formed using particles su^nded at an interfoce 
between an electrode and an electrolyte solution, said grating comprising: 

an electrode and an dectrolyte solution havmg an interface 

therd)etween; 

a plurality of particles located in said electrolyte solution, said 
particles including large particles and small particles; 

said electrode being patterned to include at least one area of 

modified mipwtanrff: and 

an electric field generator which generates an electric field at 
said interface causing said large and small particles to assemble mto an array, said smaU 
particles being located between said large particles to create a large particle separation 
distance corresponding substantially to the size of said small particles, said huge particle 
separation distance also determining the spatial frequency characteristics of said diffraction 
gratmg. said frequency characteristics beu^adjustable m dependence on the size of said small 
particles. 



36. An optical display formed using particles suspended at an interface 
between an electiolyie sohition and an electrode, said dispby compri^^^ 

an electrode and an electrolyte solution having an interfece 

therd>etweai; 
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5 a plurality of particles located in said electrolyte solution, said 

6 particles including large particles and anall particles; 

7 said electrode being patterned to include at least one area of 

8 modified impedance; 

9 an electric field graerator which generates an electric field at 



10 said int^fece causing said large particles lo assemble in accordaiure with the impedance of 

11 said patterned electrode, said electric field generator generating a time varying electric field 

12 causing said small partkles to selectively move imder said large particles to form an on-pixeU 

13 and also causing said small particles to selectively move away from said large particles to 

14 form an off-pixel in accordance with a selected frequency of said time varying electric field. 



1 37. A bioanalytical assay implemented using at least one array of particles, 

2 said particles being suspended at an interface between an electrode and an electrolyte solution, 

3 said assay comprising: 

4 an electrode and an electrolyte solution dierebetween; 

5 a plurality of molecules located in said electrolyte, said 

6 molecules includiqg a first type of nK>lecule and a second type of molecule; 

7 a biochemical protocol implementation unit which effects a 

8 biochemical interaction between said first and second types of molecules, said interaction 

9 resulting in the formation of paired entities, and said implementation unit operating to detect 

10 the formation of said paired entity; 

11 a phirality of particles located in s^d electrolyte solution; 

12 an electric field graerator which generates an electric field at 

13 said interface; 

14 said electrode being patterned to include at least one area of 

15 modified electrochemical imperties; and 

16 an ilhmunationsoun:e positioned to iUununate said surface with 

17 a pred^ermined light pattern to control the movement of said particles in accordance with 

18 said predeteimined light pattern and the electrochemical properties of said electrode. 
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1 38. A method of implementiiig a bioanalytical assay using at least one array 

2 of particles, said particles being suspended at an interface between an electiode and an 

3 electrolyte solution, said mediod conqnising die following steps: 

4 providing an electrode and an electrolyte solution therebetween; 

5 providing a phirality of molecules, said molecules inchiding a 

6 first qrpe of molecule and a second type of molecule; 

7 performing a biochemical protocol to effect the biochemical 

8 uiteiaction between said first and second types of molecules, said interaction resulting in the 

9 formation of paired entities, said protocol mcluding the additional step of detecting flie 
10 formation of said paired entities: 

providing a phirality of particles in said electrolyte sohition; 
^2 generating an electric field at said interface; 

pattenung said electrode to include at least one area of modified 
14 electrochemical prop^es; and 

illumuiating said surface with a predetermined light pattern to 

16 control the movement of said particles in accordance with said piedetermined light pattern 

17 and the electrochmical properties of said electrode. 

1 39. TlK mediod of daim 38, further comprismg the step of markmg 

2 individual distinguishable particles within said particle array by initiating a photochemical 

3 <»lor-reaction in req)onse to targeting said particles VMth a focused ilhunina 

1 40. The method of daun 38, further comprising the step of re-configuring 

2 MidparticteusinginleractiveadjustmentsofsaidpredeteiminedUhmiinationp^ 

3 dist in gu i s hab le particles within said amy. 

1 41. The method of daim 38, further comprising the foMowing steps: 

2 providiug a phuality of particles, each portion of said plurality 

3 having a phirality of a distinct type of molecule; 

^ foiming an array of said plurality of particles having said types 
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5 of molecules, in accordance with said pTedetermined light pattern and the electrochemical 

6 properties of said electrode; 

7 admitting a plurality of an additional type of molecule into said 

8 electrolyte sohition under conditions favoring formation of paired entities with molecules on 

9 the surface of partkles in said particle array; and 

10 detecting the formation of paired entities on surfaces of a subset 

11 of particles assembled into said particle array, said paired entities thereby becoming 

12 distinguishable. 

1 42. The method of claim 38, further comprising the following steps: 

2 providing a particle array including a plurality of types of 

3 particles, each type of particle having a plurality of a distinct type of molecule, said types of 

4 molecules being potentially capable of interacting with said molecules in solution to form 

5 paired entities; 

6 providing said particles with a plurality of one type of molecule 

7 in said electrolyte sohition under conditions favoring formation of paired entities with 

8 molecules on the surface of said particles; 

9 forming an array of said particles in accordance with said 

10 pred^rmined light pattern and the electrochemical properties of said electrode, said particles 

11 having either an unpaired type of molecule or a paired entity, said paired entities rendering 

12 particular types of particles distinguishable; and 

13 detecting said paired entities on surfaces of a portion of said 

14 particles assembled into said particle array. 

1 43. The method of claim 38, fiulfaer comprising the following steps: 

2 attaching a plurality of types of molecules to the surface of said 

3 particles, each said particle having a phirali^ of molecules of one ^pe; 

4 attaching a single distinct type of molecule to said electrode 

5 surface; 

6 introducing a plurality of said particles having a plurality of 
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7 types of molecules into said electrolyte solution; 

8 fanning an array of said particles in accordance widi said 

9 predetermined light pattern and the electrochemical pnq^es of said electrode surface under 

10 conditions favoring the biochonical interaction and formation of a paired entity between 

1 1 molecules on said particles and molecules on said electrode surface; and 

12 disassembling said particle array, retaining and thereby selectii^ 

13 from the plurality of types of molecules initially introduced only those particles having 

14 specific types of molecules of demonstrated biochemical affinity for molecules on said 

15 electrode surface. 

1 44. The method of claim 43, wherein said particles include 

2 antibody-producing cells. 

1 45. The method of claim 38, further comprising the following steps: 

2 attaching a plurality of ^pes of molecules to the surface of said 

3 particles, each said particle having a phirality of molecules of one type; 

4 attaching a single distinct type of biological target to said 

5 electrode surface;. 

6 introducing a plurality of said particles having a plurality of 

7 types of molecules into said electrolyte solution; 

8 fbnning an array of said particles in accordance with said 

9 predetermined light pattern and die electrochemical pn^rties of said dectrode surface; 

^0 releasmg molecules from said particles at a pred^ermined 

11 location by separating said molecules from said particles in response to a chemical or 

12 photochemical stimulus under conditions fovoring the biochemical interaction and formation 

13 of paired oitities between molecules released from said particles and biological targets 

14 displayed on said dectrode sur£Eice; and 

marldrig for identification such types of said particles havii^ 

16 molecules which wh» released cause a detectable response in proximal biological targtts. 
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1 46. The method of claim 45, wherein said biological targets include cells 

2 grown in cultuie on said electrode, said celb being modified in a detectable way by exposure 

3 to said first type of molecules rdeased from said particle array. 

1 47. The method of claim 38» further comprising ttie following steps: 

2 placmgttefirstandthesecondof said types of molecule in said 

3 electrolyte solution uxKier conditions favoring the biodiemical interaction and formation of 

4 paired entities of said molecules; 

5 providing a plurality of said particles to capture said paired 

6 entities in sohition; and 

7 forming an array of said particles displaying said paired entity 

8 in accordance with said predetermined light pattern and the electrochemical properties of said 

9 electrode surface. 



1 48. Tte method of claim 47, wherein said particle capture is followed by 

2 the formation of a ^atially encoded array of a plurality of types of distinct paued entities 

3 initially stored in a set of MxN distinct reservoirs of solution. 

1 49. The method of clann 38, wherem said paired entities include at least 

2 one of recq>tor-ligand, antibody-antigen and enzyme-substrate. 

1 SO. Themethodof claim 38, wherem said paired entities include matchi^ 

2 strands of oligomiclectides or strands of DNA or KNA, and formation of said paired entities 

3 involves hybridization. 



1 51. A medxxi for performing multiple chemical and hinchemical analytical 

2 procedures using at least one particle array, said method comprismg the following steps: 

3 provkling an dectrode and an dectrolyte sohition having an 

4 interface theidietween; 

5 generating an electric field at an interface between an electrode 
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6 and an electrolyte solution: 

7 Panemii«saidelectiodetomodifytheelectn>clieinicali)i^ 

8 of said electrode; 

9 muminating said sur£Bce with a piedetennined light pattern to 

10 control the movemeni of said particles in accordance with said predetermined light pattern 

11 and the electrodiemical pr(9)erties of said electrode: 

performing a first procedure on a portion of said particles to 
13 produce a first reaction set of particles: 

isolating said first reaction set of particles in accordance with 
15 said predetermined light pattern; and 

perfonning a second procedure on said fkst reaction set of 
17 particles to produce a second reaction set of particles. 

1 52. The method of claim 51 , wherein said performing and isolating steps 

2 are interactively controlled in real time by way of an adjustable illumination pattern. 

1 53. The medKxl of claim 51. wherein said performing and isolating steps 

2 are dynamically reconfigurable. 

1 54. A method of manipulating nucleic acid, including DNA or RNA. 

2 comprising the following steps: 

^ providing an electrode, an electrolyte solution and an interlace 

4 therebetween; 

^ P«^««*« a Pluralily of nucleic acid molecules in said electro 

6 solution, said nucleic acid molecules bciAg in a coUed configuration; 

' generating an electric field at said interface to cause die 

8 movement of said partides; 

^ patteniipg said electrode to include areas of modified 

10 electrochemical properties which in conjunction with said electric field aeate controlled 

11 ««««ents in the flow velocity across ti«««:leic 



fe- 
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12 portions of the nucleic acid to move at different velocities such that the nucleic acid is 

13 stretched in the direction of the local velocity gradient; and 

j4 maintaining a Agnation point of zero velocity sudi that the 

15 nucleic acki is substantially fixed in position. 

1 55. The method of claim 54. wherein said electrode is a light-sensitive 

2 electrode. 

1 56. The method of claim 54, wherein said velocity gradient and said 

2 stagnation point are created by a predetermined pattern of illumination. 

1 57. An apparams for the manipulation of particles suspended at an interface 

2 between an electrode and an electrolyte solution* said apparatus comprising: 

3 an electrode and an electrolyte solution; 

4 an electric field generator for generatmg an electric field at an interface 

5 between said electrode and said electrolyte solution; 

6 said surface or interior of said electrode being patterned to modify its 

7 electrochemical properties; and 

8 an illumination source which illuminates said surface with a 

9 pred^etmined light pattern to contnri the movement of said particles in accordance with said 
10 predetermined light pattern and the electrochemical prop^es of said electrode. 

1 58. An appanuus for the traiisverseelectrolaneticmoveniem of particles at 

2 an interface between an electrode and an electrolyte solution, said apparatus comprismg: 

3 a ii^t-sensitive electrode and an electrcrfyte solution; 

4 an electric fkld generator which generates an electric field at an 

5 interface between said dectrode and said electrolyte solution; and 

6 an iUumination source which iUuminates said electrode with a 

7 predetermined light pattern to form lateral gradients in the electrochemical properties of said 

8 electrode to control the movement of said particles in accordance widi said illumination 
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9 pattern in a direction substantially orthogonal to the direction of said electric field. 

1 59. A sorting method for iniplementing the differential lateral displacement 

2 of particles suspended at an interface between an electrode and an electrolyte solution, said 

3 method comprising the foUowmg steps: 

4 providing an electrode; 

5 providing an electrolyte sohition having a substantially 

6 continuous flow which effects d» displacement of said particles in a direction substantially 

7 parallel to said interface; 

8 generating an electric field at said interface; 

9 patterning said electnxie in order to modify its electrochemical 

10 properties; 

11 illuminating said electrode with an adjustable, predetermined 

12 light pattern; and 

13 providing a plurality of particles located in said electrolyte 

14 solution, said particles being acted upon by a combination of forces arising from said 

15 substantially continuous electrolyte flow and from said electric field in accoidance with said 

16 predetermined light pattern and said electrode electrochemical properties, said particles bemg 

17 displaced in accordance with variations in the physical and chemical properties which 

18 determme the mobility of said particles. 

1 60. An apparatus for dynamically assembling and disassembling an array 

2 of particles at an interface between an electrode and an electrolyte solution, said apparatus 

3 comprising: 

4 an electrode, an electrolyte solution and an mterface 

5 therebetween; 

6 a phirality of particles located in said electrolyte sohition; 

7 said electrode beii% patterned to faichide at least one area of 

8 modified electrochemical propmies; 

9 an iUumination source which illuminates said electrode with a 
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10 predetennined light pattern; 

w electric field generator which generates an electric field at 

12 said interface to cause the assembly of an array of particles in accordance with the 

13 predetennined light pattern and the elecat)chemical properties of said electrode; and 

14 an electric field removal unit which removes said electric field 

15 to cause the disassembly of said array of particles. 

1 61 . An apparatus for forming a spatially encoded array including multiple 

2 types of particles suspended at an interface between an electrode and an electrolyte sohition, 

3 said apparatus comprising: 

4 an electrode and an electrolyte solution; 

5 multQ>le types of particles, each type being stored in accordance 

6 with chemically or phjrsically distinguishable particle characteristics in one of a plurality of 

7 reservoirs, each reservoir containiqg a plurality of like*type particles suspended in said 

8 electrolyte sohition; 

9 said reservoirs bemg arranged in the form of an MxN grid 

0 arrangement; 

1 said electrode being patterned to define MxN compartments 

2 corre^nding to said MxN grid of reservoirs; 

3 MxN droplets which are deposited from said MxN reservoirs 

4 onto said correspondmg MxN compartments, each said droplet originating from one of said 

5 reservoirs and ranaining omfined to one of said MxN compartments and each said droplet 

6 containing at least one particle; 

7 a top electrode positioned above said droplets so as to 

8 simultaneously contact each said droplet; 

9 an electric field generator which generates an electric field 
20 between said top electrode and said MxN droplets; 

2^ Mid electric field being used to form a partfcle array in each of 

22 said MxN compartments^ each said particle array remaming qmtially confined to one of said 

23 MxN droplets; 
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24 an ilhiminadon source which illununates said MxN compartmeots 

25 on said patterned electrode with a predetmnined light pattern to maintain the position of said 

26 particle arrays in accordance with said predetermined light pattern and the pattern of MxN 

27 compartments; and 

^ s^d top electrode being positioned closer to said electrode 

29 diereby fusing said MxN droplets into a continuous liquid phase, while mnifitainmg each of 

30 said MxN particle arrays in one of the corresponding MxN compartments. 

1 62. An opdcal lens array inchiding particles suspended at an interface 

2 between an electrode and an electrolyte solution, said lens array conq}rising: 

3 an electrode and an electrolyte solution having an interface 

4 therebetween; 

5 a plurality of particles located in said electrolyte solution; 

6 said electrode being patterned to include at least one area of 

7 modified impedance; and 

* ^ electric field generator which generates an electric field at 

9 said interface to cause said particles to assemble into an ordered array witfiin said area of 

10 modified impedaiK:e. 

1 63. A mediod for forming a diffraction grating using particles suspended 

2 at an mterface between an electrode and an electrolyte sohition. said method comprising the 

3 foUowii^ steps: 

4 providh^ an electrode and an electrolyte sohition having an 

5 inter£Eu:e therebetween; 

^ providiiig a phirality of particles located in said electrolyte 

7 solution, said particles inchidiqg large particles and small particles; 

8 pattemiqg said electrode to include at least one area of modified 

9 impedance; and 

gcnefating an electric field at said imerface to cause said large 

11 and smaU particles to assemble into an array, said smaUpa^ 
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12 large particles to create a large particle separation distance correspondixig substantially to the 

13 size of said small particles, said large particle sq>aration distance also determining, the spatial 

14 frequency characteristics of said diffraction grating, said frequency characteristics being 

15 adjustable in dependence on the size of said small particles. 



1 64. A method for forming an optical display using particles suspended at 

2 an interface between an electrolyte sohition and an electrode, said method co]Tq)rising the 

3 following steps: 

4 providing an electrode and an electrolyte solution having an 

5 interface therebetween; 

6 providing a plurality of particles located in said electrolyte 

7 solution, said particles including large particles and small particles; 

8 patterning said electrode to include at least one area of modified 

9 impedance; 

10 generating an electric field at said interface causing said large 



11 particles to as^mble in accordance with the impedance of said panemed electrode, said 

12 electric field generator generating a time varying electric field causing said small particles 

13 to selectively move under said large particles to form an on-pixel, and also causing said small 

14 particles to selectively move away from said large particles to form an off-pixel in accordance 

15 with a selected frequency of said time varying electric field. 



1 65. An i^yparatus for performing multiple chemical and biochemical 

2 analytical procedures using at least one particle array, said qyparatus conq)rising: 

3 an electrode and an electrolyte sohition having an interface 

4 therebetween; 

5 an electric field generator which generates an electric field at an 

6 interface between an etectrode and an electrolyte solution; 

7 said electrode beiiig patterned to modify the electrochemical 

8 properties of said electrode; 

9 an illuminating source which illuminates said surface with a 
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10 



piedetennined light pattern to ccmtrol the movement of said particles in accoidance with sud 

1 1 pred^ennined light pattern and the electrochemical properties of said electrode; 

12 means for perfMnung a first procedure on a portion of saui 

13 particles to produce a first reaction set of particles; 

14 means for isolating said first reaction set of particles in 

15 accordance with said piedetennined light pattern; and 

16 means for performmg a second procedure on said first reaction 

17 set of particles to produce a second reaction set of partkdes. 

1 66. An apparatus for manipulating nucleic acid, including DNA or RNA. 

2 said apparatus craiprising: 

3 an electrode* an electrolyte sohition and an interface 

4 therebetween; 

5 a plurality of nucleic acid molecules in said electrolyte solution, 

6 said nucleic acid molecules being in a coiled configuration; 

7 an electric field generator which generates an electric field at 

8 said interface to cause the movement of said particles; and 

9 said electrode being patterned to include areas of modified 

10 electrochemical properties which in conjunction with said electric field create controlled 

11 gradients in the flow velocity across the nucleic acid, said velocity gradient causing different 

12 portions of the nucleic acid to move at different vdodties such diat the nucleic acid is 

13 stretched in the direction of the local velocity gradient, wherein a stagnation point of zero 

14 velocity is maintained such that the nucleic add is substantially fixed in position. 
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